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Evidence has accumulated which indicates that hormones play an 
important role in protein metabolism. For example, according to the 
current concept growth hormone stimulates protein anabolism (1) and 
adrenal cortical extract increases glucose neogenesis at the expense of 
protein (2). Various investigators have tried to relate changes in the 
free amino acid of the blood to the endocrine regulation of protein metab- 
olism. The reports of previous workers have not been in complete 
agreement, probably because of differences in analytical methods employed, 
variations in endocrine extract, dosage, the route of administration, and 
time relationships. 

According to the majority of papers, insulin causes a lowering of the 
amino acid level (3-5), and Greene’s claim (6) that insulin had no effect 
has not been supported. Okada (7) reported that epinephrine does not 
change the amino acid concentration of rabbit blood. Luck and coworkers, 
however, state that epinephrine alone is as effective as insulin in producing 
hypoaminoacidemia (8, 9), while still another group of investigators found 
an increase (10). A drop in the plasma amino acid level was shown to occur 
with hypophysectomy and with thyroidectomy (11), but Okada (7), 
who could not obtain any change whén epinephrine was given, also claims 
that neither the removal of the thyroid gland nor hyperthyroidism influ- 
ences the amino nitrogen content of blood. Investigations of the action 
of thiouracil treatment, adrenalectomy, estrogen administration, and pro- 
longed adrenocortical steroid injections have been neglected. 

The present project was started to clarify earlier work on the influence 
of endocrines on amino acid metabolism and was extended to include not 
only plasma, but also liver, kidney, and skeletal muscle. The gasometric 
ninhydrin reaction (12) was chosen in preference to the colorimetric 
procedure (13), the gasometric nitrous acid method (14), and the formal- 
dehyde titration (15) because of its specificity for free amino acids. 


EXPERIMENTAL 

The animals were anesthetized with nembutal. Blood was drawn from 

the heart, heparin being used as anticoagulant. 2 ml. of plasma were 
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treated with 10 ml. of 1 per cent picric acid and analyzed for amino acids 
by the ninhydrin-carbon dioxide method of Hamilton and Van Slyke (12). 
About 1 gm. of tissue, previously frozen in dry ice and acetone, was ground 
with powdered glass and then extracted with two 10 ml. portions of 1 per 
cent picric acid. After centrifugation and filtration, 5 ml. of the filtrate 
were analyzed in the same manner as the plasma filtrates. If necessary, 
the tissue can be stored after lyophilization to a dry powder. The powder 
is extracted in a Waring blendor and the analysis is the same as for frozen 
tissue; however, the weight of the water removed must be recorded. 

Hypothyroidism—This condition was caused by adding 0.2 per cent 
thiouracil (deracil, Lederle Laboratories, Inc.) to the diet for 6 weeks. 
At sacrifice the rats were examined for enlargement of the thyroid. 

Thyroidectomy—A period of 6 weeks elapsed after the operation. 

Hyperthyroidism—This condition was produced by feeding 1 per cent 
thyroid powder (Armour Laboratories) in the diet for 3 weeks. Only 
animals that lost weight during the treatment were used. 

Adrenalectomy—During the postoperative period, 1 per cent sodium 
chloride was administered in order to sustain life and prevent hemocon- 
centration. 10 days after the operation the food was removed, the salt 
water was replaced by ordinary water, and, as soon as adrenal crisis set 
in (muscular weakness, etc.), the animal was sacrificed. 

Lipo-Adrenal Cortex Extract—Three injections of 2 ml. of lipo-adrenal 
cortex! (80 rat units) at 2 day intervals were administered subcutaneously. 

Epinephrine—1.5 mg. per kilo of body weight were given subcutaneously 
to rats fasted 12 hours. The animals were sacrificed after 1 hour. 

Insulin—20 units per kilo of body weight were injected subcutaneously 
into rats fasted [2 hours. The animals were sacrificed after 3 hours. 

Hormone Treatment—Estrogen, 500 rat units (progynon-B),? was admin- 
istered subcutaneously each 3 days for 4 weeks. 

Hypophysectomy—The animals were hypophysectomized when 40 days 
old and sacrificed 18 days later. Only animals that showed a definite loss 
in weight were used. 

Non-Protein Diet—The diet consisted of 54.7 per cent sucrose, 25 per 
cent starch, 15 per cent Crisco, 5.3 per cent salts, and vitamins. The 
rats on this regimen were fed for 8 weeks, when they had lost about one- 
third of their weight. 

In all experiments, normal male rats weighing between 100 and 200 gm. 
were used. They were fasted 12 hours before sacrifice. 

The data obtained are given in Table I. 


'Generously donated by The Upjohn Company through the kindness of Dr. 


D. J. Ingle. 
2Generously donated by the Schering Corporation through the kindness of 


Dr. W. H. Stoner, Medical Director. 
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DISCUSSION 


Analysis of amino acid levels is made possible by the constancy of the 
normal concentration in blood and tissues. Each tissue has its own char- 
acteristic value, which is about 3 to 9 times that of blood. It is not known 
how the amino acids are concentrated by the tissues. Our values for 
rat liver are slightly lower and the values for skeletal muscle are less than 


TABLE I 
Free Amino Acid Levels in Blood and Tissues 





Amino nitrogen 














Treatment | a ane a 
} Plasma | Liver Kidney Skeletal muscle 
mg. per 100 ml. mg. per 100 gm. mg. per 100 gm. mg. per 100 gm. 
Normal | (7) 6.44 0.1 | (7) 32.1 + 1.7 | (7) 44.0 + 1.7] (7) 19.2 + 1.4 
Thiouracil | (5) 5.2 + 0.2] (5) 32.3 41.5 (5) 42.6 + 1.0] (5) 20.44 0.9 
|  <0.01*  >0.05 >0.05 >0.05 
Thyroid- | (7) 5.0 + 0.3 | (7) 33.0 + 1.6 | (7) 40.24 0.9 | (7) 20.14 1.3 
ectomy <0.01 >0.05 <0.05 >0.05 
Thyroxine | (4) 9.0 + 0.6! (4) 44.0 + 3.6 | (4) 42.3 + 2.1 | (4) 28.1 + 3.3 
/  <0.01 _  <0.01  >0.05 <0.01 
Adrenalec-| (6) 5.2 + 0.2 | (5) 31.0 + 2.2 | (5) 44.6 + 2.8/| (5) 27.0 + 1.8 
tomy | <0.01 | >0.05 | = >0.05 <0.01 
Adrenal (5) 7.9+ 0.6 | (5) 41.5 + 1.7 | (5) 45.7 + 3.6 | (5) 24.424 1.0 
cortex | <0.0I | <0.01 | >0.05 <0.02 
Epineph- | (4) 4.5 + 0.4| (4) 35.7 + 1.4| (4) 33.1 + 3.3] (4) 20.741.7 
rine | <0.01 | 50.05 | <0.01 >0.05 
Insulin (5) 4.8 + 0.6 | (5) 28.0 + 1.3 | (5) 34.5 + 1.5 | (5) 18.5 + 1.5 
| <0.01 | 30.05 <0.01 >0.05 
Estrogen | (6) 5.2 + 0.4 | (6) 31.44 1.3| (6) 39.0 + 1.2| () 22.5 + 1.7 
| <0.02 >0.05 |  <0.02 >0.05 
Hypophy- | (6) 5.7 + 0.2) G) 29.2 + 1.8 | (6) 31.9 + 1.7 | (6) 20.7 + 1.5 
sectomy | <0.01 — ->0.05 | <0.01 >0.05 
Non-pro- | (4) 10.8 + 0.6 | (4) 53.4 + 2.6 | (4) 49.4 4 3.1 | (4) 22.1 + 2.5 
teindiet |  <0.01 /  <0.01 >0.05 >0.05 





The figures in parentheses represent the number of animals. 

The values represent the arithmetic mean plus or minus the standard error of 
the mean. 

* Probability (if P values are 0.05 and less the result is significant); Fisher (16). 


half of those given by Luck (17). The amino acid levels obtained on dogs 
by Hamilton (18), using the ninhydrin reaction, show great variations. 
Hence, they cannot readily be compared, but they are lower than those 
found by Van Slyke (19) with the nitrous acid method. The highest 
amino acid concentrations were observed by us in the kidney and the 
lowest in the skeletal muscle (Tables I and II). The most constant 
concentration was found in blood plasmas. 
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Every hormone so far tested affects the amino acids of blood and tissues, 
The metabolism of carbohydrate, protein, and fat is interrelated. The 
action of hormones on the amino acids is probably indirect and due to 
primary changes of other metabolites. In addition there may be tropic 
effects between different endocrines. Insulin, epinephrine, estrogen, hypo- 
physectomy, thiouracil treatment, and thyroidectomy, decrease the blood 
amino acid concentration; thyroxine, lipo-adrenal cortex extract, and also 
protein starvation increase it. In the kidney, insulin, epinephrine, estrogen, 
and hypophysectomy produce a significant fall. Thyroxine, lipo-adrenal cor- 
tex extract, and protein starvation elevate the liver amino acid level. Thy- 
roxine and lipo-adrenal cortex extract alsc bring about an increase of the 
free amino acids in muscle. Adrenalectomy results in hypoaminoacidemia 
but simultaneously causes a rise in the free amino acid level of muscle. 


TaBLe II 


Free Amino Acid Levels for Few Normal Tissues 








Amino nitrogen per 100 gm. 





Tissue | 
| ~ 
aoe pe vendeeestiews eer eT Ter (4) 43.1 + 1.8 
rs, Sod Saleniale dom eh xis a te i OE foe 5 ee Sh (2) 26.7 + 0.9 
TS, Te ee ere ee ee ee ee (2) 36.0 + 2.7 
6.7* 


PP err eer ee Stain etd ta ed 


The figures in parentheses represent the number of animals. 
The values represent the arithmetic mean plus or minus the standard error of 





the mean. 
* Amino nitrogen per 100 ml. of lymph obtained by pooling. 


It is known that muscular wasting occurs in adrenal insufficiency which 
may be overcome by epinephrine injections (20). 

The changes in amino acids are most definite in the blood and are less 
marked in the tissues. A lowered level will show up more readily in kidney 
than in liver, while an increased level can be detected better in liver than 
in kidney. 

Interpretation of the amino acid changes should be delayed until more 
direct evidence on their metabolism is at hand. A decreased amino acid 
level could mean (1) decreased proteolysis of tissue proteins, (2) increased 
utilization of amino acids for protein synthesis, glycogenesis, lipogenesis, and 
energy production, or (3) increased elimination. 

In animals on a non-protein diet, the plasma amino acid level is approxi- 
mately doubled, the liver level is raised considerably, while the muscle and 
kidney values increase only slightly. This is in contrast to the findings 
of Goettsch et al. (21) who state: “It was rather a surprise to find that the 
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value of plasma amino acid during fasting was maintained at a normal 
level in spite of the severe degree of muscle wasting which occurred as 
hypoproteinemia progressed.” Endocrine disturbances often result in 
weight changes, which in turn might affect the amino acid levels. 


SUMMARY 


Insulin, epinephrine, estrogen, hypophysectomy, thiouracil treatment, 
and thyroidectomy decrease the blood amino acid concentration; thyroxine, 
lipo-adrenal cortex extract, and also protein starvation increase it. 

Adrenalectomy results in hypoaminoacidemia but simultaneously causes 
a rise in the free amino acid level of muscle. 

In the kidney, insulin, epinephrine, estrogen, and hypophysectomy 
produce a significant fall. Thyroxine, lipo-adrenal cortex extract, and 
protein starvation elevate the liver amino acid level. Thyroxine and lipo- 
adrenal cortex extract also bring about an increase of the free amino acids 
in muscle. 

The amino acid concentration is highest in kidney and brain and decreases 
in other tissues in the following order, spleen, liver, testis, muscle. 
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PARTITION OF INTRAVENOUSLY ADMINISTERED AMINO 
ACIDS IN BLOOD AND TISSUES 


By FELIX FRIEDBERG anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California 
Medical School, Berkeley) 


(Received for publication, February 5, 1947) 


The increasing use of protein hydrolysates in clinical medicine has 
aroused renewed interest in the utilization and fate of parenterally admin- 
istered amino acids and amino acid mixtures in the body. The levels of 
the amino acids of the tissues are from 3 to 9 times greater than in the 
blood plasma. How the tissues maintain their concentration differential 
is not understood. The concentrations of the amino acids of the blood 
plasma and tissues are extremely constant normally and are but little 
affected by physiological changes or most pathological conditions. 

The present investigation was undertaken to determine whether all 
amino acids are concentrated to the same degree in representative tissues 
of the body when introduced into the animal in relatively large amounts 
by intravenous injection. 

The tests were carried out with solutions containing equivalent amounts 
of amino nitrogen of a protein hydrolysate (parenamine, Stearns), and the 
amino acids glycine, l-alanine, /-glutamic acid, /-histidine, and l-lysine. 


EXPERIMENTAL 


The chemical methods for most of the amino acids are not of sufficient 
specificity, accuracy, or simplicity to be employed in following changes in 
the concentrations of these substances in blood plasma and tissues. The 
gasometric ninhydrin reaction (1) is an analytical method for determining 
all amino acids, but changes in the level of an individual amino acid may 
be assayed by this reaction if a large dose is injected and the subsequent 
rise in amino nitrogen is significant enough to be attributed to the amino 
acid in question. This procedure was employed in our work. The 
determinations were carried out on plasma and tissues as described in 
another publication (2). 

For administration, the amino acids were dissolved in 10 ml. of 0.9 
per cent sodium chloride and the solution was adjusted to pH 7.4 with 
sodium bicarbonate. Doses of 0.16 gm. of amino nitrogen per kilo of 
body weight were injected by way of the jugular vein. Male rats weighing 
between 100 and 200 gm., which had been fasted for 12 hours, were used. 
The animals were sacrificed 15 minutes after the injection; blood plasma 
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412 PARTITION OF AMINO ACIDS 





and the desired tissues were collected and picric acid filtrates prepared for 
analysis of the amino acids (2). The analytical data obtained are recorded 


in Table I. 


TaB.e_e I 


Free Amino Acid Levels in Plasma and Tissues 15 Minutes after Intravenous 
Administration of Amino Acids* 





























Per cent < . 
adminis- Amino N per 100 gm. fresh weight 
Substance Plasma tered amino 
administered amino N N removed | —— 
pe Liver Kidney ee Brain 
ms. per 100 ml. mg. mg. me. mg. 
Normal 6.4 + 0.1 32.1 + 1.7) 44.6 + 1.7/19.2 + 1.4/43.1 + 1.8 
values 
Protein 29.4 + 1.4/87 + 0.861.7 4 4.7) 81.1 4 3.7/34.1 + 4.5/43.9 + 1.5 
hydroly- 
satel 
Glycine 29.7 + 2.887 + 1.6/74.4 + 8.3) 76.8 + 2.6/35.2 + 3.5)/42.4 + 1.6 
l-Glutamate 43.6 + 6.2/80 + 3.3)39.6 + 3.2) 94.3 + 2.9/28.8 + 0.7/42.1 1.5 
(mono- 
sodium) 
l-Histidine (26.6 + 3.589 + 1.9)50.7 + 4.7) 70.2 + 2.5/29.1 + 2.9/43.2 + 3.1 
(monohy- 
drochlo- 
ride) 
l-Lysine (di- |28.5 + 3.0/88 + 1.4/62.4 + 2.9)100.6 + 6.5)32.7 + 2.9/43.0 + 1.3 
hydrochlo- 
ride) 
l-Alanine 25.1 + 2.2'90 + 0.9'76.6 + 4.6) 62.2 + 4.1/30.7 + 0.941.9 + 1.2 








* The data represent the arithmetic mean plus or minus the standard error of 
the mean of groups of four animals in each series except for the normal values, which 
are for seven animals. 

t Calculated on the assumption that the blood is 8.5 per cent of the body weight 
and that the normal plasma amino acid level is 6.0 mg. of amino nitrogen per 100 ml. 

tGenerously donated by Frederick Stearns and Company through the kindness of 


Dr. M. Sahyun. 


DISCUSSION 


The amino ac‘ds were found to be removed from the b'ood plasma to the 
extent of 80 to 90 per cent with:n 15 minutes after intravenous adminis- 
tration. The amino acid most slowly cleared was l-glutamic acid. Liver 
and kidney were observed to be most active in concentrating the injected 
amino acids, skeletal muscle less so, and brain showed no increase what- 
soever. This behavior of brain is interesting because, in spite of this 
apparent barrier to the uptake of amino acids, the normal value of free 
amino acids in brain tissue is 7 times as great as that in blood plasma. 
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While there was an increase in the amino acid content of all of the 
representative tissues tested except brain, the pattern of concentration 
was not the same for all the amino acids examined. 15 minutes after 
injection high amino acid values were found in kidney and skeletal muscle 
with /-lysine. /-Histidine gave only medium liver and medium (or low) 
kidney concentrations. Glycine accumulated in skeletal muscle as was 
previously reported by Luck (3). /-Alanine behaved much as did glycine, 
but it did not exhibit the affinity of that amino acid for skeletal muscle. 
l-Glutamic acid was poorly concentrated in the liver but markedly in the 
kidney. The protein hydrolysate, as would be expected from its composite 
nature, was taken up well by all of the tissues except brain. 

The findings on glutamic acid and glycine may be correlated with the 
observation of Madden et al. (4) that glutamic acid is poorly and glycine 
well tolerated when given intravenously They also harmonize well with 
the special physiological relationships of glycine to creatine in muscle and 
glutamic acid to glutamine in the kidney (5). 

The variations in the amino acid uptake of the tissues and the mechanism 
of their concentration must remain unexplained at this time but the obser- 
vations offer a challenge to further research. It would be of interest to 
repeat the experiments with analytical methods specific for the individual 
amino acids, e.g. by microbiological assay. 


SUMMARY 


Intravenously administered amino acids are rapidly removed from the 
blood plasma. They are highly concentrated by liver and kidney, less so 
by skeletal muscle, and not at all by brain. The pattern of concentration 
is not the same for all of the amino acids examined. 
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A STATISTICAL EVALUATION OF THE THIAMINE AND 
PYRAMIN* EXCRETIONS OF NORMAL YOUNG MEN 
ON CONTROLLED INTAKES OF THIAMINE 


By OLAF MICKELSEN, W. O. CASTER, ann ANCEL KEYS 
(From the Laboratory of Physiological Hygiene, University of Minnesota, Minneapolis) 
(Received for publication, December 31, 1946) 


The urinary excretion of thiamine has been used for some time as an 
empirical indication of thiamine nutrition. The tacit assumption is made 
that when the dietary intake of the vitamin is at or below the human 
“requirement” the urinary excretion falls below a certain value, but as 
long as the dietary intake exceeds the requirement the urinary excretion 
remains above this critical level (10). 

This assumption was originally made without a clear understanding of the 
range of the variation in excretion values under controlled dietary condi- 
tions. In most cases the controlled studies were made over very short 
periods, so it is likely that many of the subjects had not attained equilibrium 
in their urinary excretion of thiamine. Furthermore, in many cases, the 
methods used for the determination of thiamine in the urine are open to 
some question (12). 

Very few reports have utilized statistical methods, even where the data 
were sufficient to warrant such use. A notable example of this is the series 
of papers by the group at the Mayo Clinic (9, 18). Although they collected 
urine samples from subjects who were maintained on constant thiamine 
intakes for periods as long as 7 months, only a single average value for the 
urinary thiamine is given for each period. Elsom, Reinhold, Nicholson, 
and Chornock (4) have given the standard deviations for the urinary 
thiamine excretions of nine women wko consumed a constant amount of 
thiamine for indefinite periods. They and Wertz and Mitchell (17) are 
the only investigators who seem to have given this problem any considera- 


* The pyrimidine-like component of the thiamine molecule which is excreted in 
the urine. 

{ This work was supported in part under the terms of a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and the Regents of the University. Important financial assistance 
was also provided by the Sugar Research Foundation, Inc., New York, and the 
National Dairy Council, operating on behalf of the American Dairy Association, 
Chicago. Merck and Company, Inc., Rahway, New Jersey, and the Abbott Labo- 
oratories, North Chicago, Illinois, provided a generous supply of vitamins. Most 
of the food materials were supplied by the Subsistence Research and Development 
Laboratory, Office of the Quartermaster General, United States Army, and the 
J. R. Simplot Dehydrating Company, Caldwell, Idaho. 
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tion, but their data are so scanty that a true picture of the variation in 
urinary thiamine excretion is not possible. Their results, however, do 
bring out the great variation in the urinary excretion of thiamine by “‘nor- 
mal” adults. 

The present paper presents a statistical evaluation both of thiamine and 
of pyramin excretions by normal young men of comparable body size who 
were living under the same conditions of diet and activity. These experi- 
ments have been carried on in this Laboratory from 1943 to date. They 
have involved the prolonged maintenance of the subjects on controlled 
thiamine intakes from zero up to 16 mg. per day. A survey of the general 
results of one of these experiments has already been published (8). 


EXPERIMENTAL 


In one experiment, groups of two, four, and four men were given 1.81, 
1.01, and 0.61 mg. of thiamine per day, respectively, for a period of 24 weeks. 
In another experiment, two groups of six subjects each received 1.00 and 
2.00 mg. of thiamine, respectively, per day for a period of 34 weeks, after a 
control period of a month on the lower level of thiamine intake. Following 
this experiment the intake levels of the two groups were reversed. A 
period of 1 month on a partially controlled diet intervened between the two 
parts of the latter experiment. In each of these experiments, all men 
received the same basic diet. All meals throughout the experiment were 
served as weighed portions from the diet kitchen. The differences in the 
thiamine intake were adjusted by means of thiamine pills and placebos. 
The thiamine content of the diet averaged close to 0.5 mg. per day. The 
day to day variation of the dietary intake of thiamine from the given mean 
values was of the order, ¢ = +0.06 to 0.08 mg. per day. This was deter- 
mined by actual analyses of the diets served. Finally, the excretion values 
at higher levels of intake, 7.e. 5, 11, and 16 mg. of thiamine per day, were 
obtained from other subjects on somewhat less strictly controlled thiamine 
intakes. 


Analytical Methods 


In all of these experiments, except those in which 5, 11, and 16 mg. of 
thiamine were used, diet samples were collected daily. An exact duplicate 
of all the food served to the subjects was saved for analysis. This was 
analyzed for thiamine by the method of Hennessy and Cerecedo (6). 

All of the values reported in this paper for urinary thiamine excretion 
represent 24 hour samples which were collected in bottles containing 5 ml. 
of toluene and 5 ml. of glacial acetic acid as preservatives. Thiamine was 
determined in these samples by our modification of the thiochrome pro- 
cedure (12). 
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The pyramin content of the urine was determined by a modification of 
the yeast fermentation method of Schultz, Atkin, and Frey (15). Accord- 
ing to the original description of the method, the pyramin value is repre- 
sented by the sulfite blank. The standard used in these determinations 
was 2-methyl-4-amino-5-ethoxymethylpyrimidine hydrochloride. 


Stattstics 


Many of the statistical methods used in the analysis of our results are 
not available to most biochemists or physiologists. To clarify our methods 
and to avoid confusion as to the definition of terms, we include a brief sum- 
mary of the statistical items used in this report. For a more complete 
discussion and for the mathematical derivation of the formulas, see 
Snedecor (16). 

The variability of the thiamine and pyramin excretion data has been 
submitted to the analysis of variance (16). In the discussion of variability, 
the variances oz, 7, 07, Toi, ANd og are related to the mean squares, Via, 
Vi, Ve, Vwa, and V,,;, as indicated in the following equations: 


Ly? — ZI2/k 





(1) Vu = oni = oie + oi = 
nk —n 
Ly? — SD?2/ 
(2) Ves @ oly = op + of 2 ———— 
nk —k 
rI2/k — T?/nk 
(3) Vi = ofa + koi = — 5 1 ol 
n—l 
, 2D*/n — T2/nk 
(4) Va = cig + noi = _ a e 


Sy? — ED*/n — ZI?/k + T2/nk 
nhk—k—-n+1 





(5) Via = Cia = 


where, in a given table of data showing the excretion values, y, for n 
individuals on k days, the sums of the excretion values for each of the 
individuals over this period of days are I, Is, Is,...... I,, respectively ; 
the daily totals summing all individual values for each day are D,, Daz, 
Sa D,, respectively, and T is the grand total of all nk values of y. 

These terms are measures of: 

Voi = ow, the within individual (intraindividual) variation. This is a 
pooled (“statistically averaged’’) value for day to day variations for each 
of the individuals within the group and represents the average day to day 
variations of each individual from his own mean. 

Ved = oca, the within day (interindividual) variation. This is a pooled 
value for the k days of the deviation of individual values on a given day 
from the mean group value on that day. 
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V., the deviation of the n individual mean values from the grand mean 


for the total period. 

Va, the deviation of the k daily mean values from the grand mean. 

Vie = o;a, the interaction term or purely random “error.” This can 
be represented graphically as the degree to which the individual values 
from day to day fail to move in a parallel fashion. 

o;, that part of the interindividual variation (not attributable to random 
error) which is consistent for the individual from day to day. 

ca, that part of the day to day “general up and down movement” of the 
group values which is over and above that expected from purely random 


“error.” 


TABLE I 


Analysis of Variances of 24 Hour Urinary Excretion of Pyramin by Normal Young 
Men on Different Levels of Thiamine Intake 
The men were maintained at each level of intake for periods of 2 or more months 
(see Table III for the exact time). The urinary excretion values are expressed as 
micrograms of 2-methyl-4-amino-5-ethoxymethylpyrimidine hydrochloride per day. 
The thiamine intake is expressed as mg. per day. The definition of ¢ is given in the 
text. The pooled values are the weighted averages for each column of figures. 


24 hr. urinary pyramin excretion 














Thiamine a a 2 RE BEDE 
intake 
Mean 4 | oo C4 o% | "a 
acnin — 2 | a 
0.61 | 125.5 21.0 | 2.3 | 189 | 89 | 18.2 
1.00 165.4 | 19.0 | 2.3 | 182 | 53 | 22.9 
1.01 | 171.5 22.9 | 30.0 22.0 6.5 | 20.5 
1.81 267.4 | 27.7 | 40.1 29.4 0 | 27.4 
2.00 | 232.6 | 23.1 | 28.9 21.5 8.4 | 19.4 
| } | 
Pooled values........| 21.58 | 29.65 20.45 | 6.90 | 21.48 








Excretion of Pyramin—The values of the different variances (‘Table I) 
are quite constant for pyramin, being homogeneously distributed through- 
out the data from all of the experimental groups on all levels of thiamine 


intake and pyramin excretion. 
The pyramin values from all of our pooled experimental data have been 


used in alculating the following variations in micrograms per day: 


Cei = 30.46; Cui = 22.61; Cid = 20.81 


In each case there are 500 to 600 degrees of freedom. By calculation from 
the above values, ¢; = 8.84 and og = 22.24. In the urinary pyramin excre- 
tion data, o;, the individual variation corrected for random “error,” is 
very small, in some cases almost insignificant. Considering the careful 
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control of the dietary intake of thiamine, the day to day variation as repre- 
sented by ow: is surprisingly large. This may be partly due to the fact 
that, while the diet is carefully controlled with respect to thiamine, it was 
not possible to control the intake of the pyrimidines which may be related 
to thiamine or its decomposition products. Direct analysis of the diets for 
pyramin has been found to be valueless because of the tendency of com- 
pounds that are inactive in the fermentation method to become “active” 
on feeding (3). 

Excretion of Thiamine—The variance values in the thiamine excretion 
data are not so uniformly distributed as they were in the pyramin data. 
The variation in the thiamine excretion depends to a large extent upon the 
magnitude of the mean with which it is associated. This has been noted 


TABLE II 


Analysis of Variance of 24 Hour Urinary Thiamine Excretion Data of Normal Young 
Men As Calculated by Two Different Methods (See Table III for Details) 


A, values calculated from actual excretion data expressed in terms of micrograms 
of thiamine per day, and B, values calculated from the logarithms of the excretion 
data, expressed in terms of per cent of the mean thiamine excretion. 


, ; A, vy Bi per day B, per cent of mean 
Thiamine! Excretion 
intake mean my ay Ka Nw — ae et <A ae 
5 “wt “s 1 %a “ed ut “ia % “es 
— y per day 
0.61 5 6 6 3 5 6 | 184 182 104 115 | 113 
1.01 26 16 13 13 9 ] 125 95 25 118 88 
1.00 65 25 23 16 20 17 | 4! 96 7 40 | 95 
1.81 195 36 29 27 22 13 22 18 16 13 7 


2.00 224 106 81 57 90, 58 52 26 16 42 | 21 


to a certain extent by other workers (4) who have preferred to express 
deviations in thiamine excretion in terms of percentages of the mean. 
This strong dependence of variance upon the mean can readily be seen in 
Table II, A. Where the variance is so intimately related to the mean, it is 
proper to convert the excretion values to logarithms before proceeding 
with the analysis of variance, and then express the final figures as percent- 
ages of the mean ((16) p. 448). This helps somewhat, but, as may be seen 
in Table II, B, even according to this method the variances are not homo- 
geneously distributed throughout the various intake levels. The logarith- 
mic treatment of the thiamine excretion data overcompensates for the 
trend seen in the ordinary analysis of variance (Table II, A). The proper 
method of analysis would involve some intermediary statistical procedure 
which has not yet been developed. Both of the presently available methods 
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for the analysis of variance, when applied to the thiamine data, yield results 
which are markedly different and are inconsistent among themselves 
(Table II). This does not permit large scale pooling of values or even 
proper comparison of samples, and it makes strict analysis of variance 
almost impossible with the thiamine data. It has been found possible to 
obtain reasonable results for the significance of the changes in thiamine 
excretion following a drastic change in physical activity or composition of 
diet (the thiamine intake maintained at the previous constant level) by 
treating the urinary thiamine values on an individual basis. The values 
for each individual, under these circumstances, must be compared with 
his own normal values. In this way o;, one of the large variables, can be 
eliminated from the calculations. 

The very large values found for o; constitute one of the more striking 
phenomena of the thiamine excretion data. The thiamine excretion level 
is highly characteristic of the individual as well as the intake. A groupof 
men on identical and carefully controlled intakes of thiamine will show 
very different but individually consistent levels of thiamine excretion. 
Some of the men may consistently excrete twice as much thiamine as others. 
At the same time, however, the pyramin excretion level of these same 
individuals will be much less variable. ‘There are no visible outward signs 
to indicate a reason for this difference in thiamine excretion (13). 

The intraclass (or intragroup) correlation, r = (0;)/(o; + o4a),is a measure 
of the consistency with which the various individuals in a group maintain 
their relative positions within the group ((16) p. 243). The values for 
each of the groups are given in Table III for both thiamine and pyramin. 
In general, the thiamine excretions show highly significant values of r 
close to 0.7 (0.4 to 0.9), while those for pyramin are about 0.1 (0 to 0.2) 
and statistically non-significant. In the second of the two experiments 
previously described, the reversal of intake levels of the two groups of men 
afforded an opportunity to check the consistency with which the individuals 
of a group hold their relative positions in that group when the intake levels 
are reversed. It was found that, when the individuals were ranked with 
respect to their position in the group both before and after the change in 
intake, the rank correlations ((16) p. 164) obtained were +0.89 and +0.99, 
as compared with the intragroup correlation values ((16) p. 243) of +0.85 
and +0.97, respectively, found for these groups during the control period 
of 6to8 months. This effect is very important, and has been discussed in 
greater detail elsewhere (13). 

All of the experimental groups do not show as high correlation of thiamine 
intake and excretion values as the above. The lower values for the intra- 
group correlations obtained at some of the thiamine intake levels are 
possibly attributable to the facts that (1) at low levels of thiamine intake, 
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where excretion values and the attendant variabilities all approach zero, the 
possibility of distinguishing individuals decreases, and (2), since the levels 
of thiamine excretion are highly dependent upon the individuals in a group, 
the intraclass correlations obtained from small groups would be expected to 
vary considerably. 

Time Required for Stabilization—One factor that must be kept in mind 
in attempts to obtain thiamine and pyramin excretion values characteristic 
of a given intake of thiamine is the period of time required for an individual 
to come into metabolic equilibrium with the new level of intake. Fig. 1 


Taste Ill 

Summary of Urinary Excretion of Thiamine and Pyramin by Normal Young Men 

Maintained on Different Levels of Thiamine Intake for Periods of 2 or More Months 

The excretion values are given only for the collections made after the men were 
stabilized at their intake levels. The excretion of thiamine is given in micrograms 
of thiamine hydrochloride per 24 hours, whereas that of pyramin is in micrograms 
of 2-methy!-4-amino-5-ethoxymethylpyrimidine hydrochloride. The definitions of 
the variances and correlation terms are given in the text. The groups with an 
asterisk are those whose thiamine intakes were reversed after the 8 months experi- 

















ment. 
ace *~ ya | No. of | BMonths | Average thiamine excretion Average pyramin excretion 
a Pc | ———-- — | -- ——__—— 
mg. e } | Mean nd fi | 7 =| Mean fod | ut r 
Biniet ; | | OE ate 
0.61} 0.07, 4 6 4.6| 6.3) 6.3) 0.38 | 125.5) 21.0 | 26.3 | 0.18 
1.00/ 0.08 6 8 65.4) 25.1) 23.4) 0.97 | 165.4) 19.0 | 29.3 | 0.08 
1.00 | 0.08 6* 3 57.2) | | | 155.8) | 
1.01/0.07|; 4 6 26.2, 15.9) 13.0 0.38 | 171.5) 22.9 | 30.0 | 0.08 
1.81} 0.07; 2 | 6 195.4) 35.8) 29.5) 0.54 | 267.4) 27.7 | 40.1 | 0.00 
2.00/0.08 6 | 8 224.0} 106.3, 81.1) 0.85 | 232.6) 23.1 | 28.9 | 0.13 
2.00/ 0.08) 6* | 3 | 249.3 | | 214.9) 
. | 6 2 | 971 | 175 | 238 | (807 | 57.3 | 46.5 | 
11 8 2  |1875 | 865 | 435 | 378 | 43.5 | 56.3 | 
16 1 | 2 {1430 | 385 | | 35.7 | 


shows the rate of change of thiamine and pyramin excretion levels found 
in a group of six men when they were changed from a constant intake 
level of 1.00 mg. of thiamine per day to a constant intake level of 2.00 mg. 
of thiamine per day. The group subsequently remained on this higher 
level of intake for a period of about 8 months. The plateau values shown 
represent the average thiamine and pyramin excretion values obtained 
over approximately the last 6 months of this period. The ordinates have 
been arranged so that the two plateau values coincide exactly in Fig. 1. 
The thiamine excretion values show a sharp and immediate rise, which, 
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however, does not reach the levels characteristic of the new intake during 
the first 30 days. The pyramin values rise more slowly than the thiamine 
in the first few days. This may possibly account for previous reports that 
pyramin excretion values are insensitive to changes of, or are entirely 
independent of, thiamine intake. The smooth least squares curve passing 
through the data in Fig. 1 is 


Micrograms pyramin = 67.2 — 67.2¢-°™ 
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Fic. 1. Rate of stabilization of urinary and pyramin excretion when the thiamine 
intake is changed from 1 to 2 mg. per day. The increase in the excretion represents 


the difference between the two intake groups 


where e is the base of the natural system of logarithms, 2.718, and ¢ is 
the time in days. In this formula ¢; = 10 days; that is, this curve traverses 
half of the remaining distance to the plateau level each 10 days. Multipli- 
cation of the values found in the above equation by 2.36 gives the corre- 
sponding thiamine values observed in this instance. We have not studied 
rates of change following a decrease of thiamine intake, nor those encoun- 
tered at higher or lower levels of thiamine intake. In the normal intake 
region studied, a group of individuals must be maintained on a carefully 
controlled thiamine intake for a period of at least 6 weeks before their 
excretion values may be considered to be truly characteristic of that level 


of intake. 
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Because of the great variation in the thiamine excretion data, there is a 
possibility that certain values may equal or exceed the plateau value before 
the time indicated in Fig. 1. 

Relation between Intake and Excretion—In comparing thiamine and 
pyramin it must be remembered that the molecular weight of the thiamine 
standard is almost twice that of the pyramin standard. Thus, on a molar 
basis, a rise of 60 y of pyramin is equivalent to a rise of 100 y of thiamine. 

When the average excretion values for both thiamine and pyramin are 
plotted against the mg. of thiamine ingested per day, the curves in Fig. 2 
are obtained. The ever increasing variability in the thiamine data makes 
it difficult to determine the exact nature of the curve relating these points. 
There is little to be gained, however, in assuming that it is other than a 
straight line, especially for excretion values at intakes in excess of 1.0 mg. of 
thiamine per day. Since each individual shows his own characteristic slope, 
a great variability must be associated with any value given to the slope of 
this straight line. Fitting a least squares line to the thiamine excretion 
data which go to make up the values found in Table II gives the equation 


Micrograms thiamine excreted = —118 + 173 X mg. thiamine intake 


This indicates that at intakes below about 0.7 mg. of thiamine per day 
the urinary thiamine excretion would be zero for most individuals. It must 
be remembered that the level of urinary thiamine excretion is highly char- 
acteristic of the individual; consequently it is rather difficult to make useful 
generalizations from this. 

The literature is in disagreement concerning the thiamine excretions on 
the lower thiamine intakes. This may be attributed to one or more of 
the following: (1) individual differences of subjects, (2) inadequate time 
for stabilization of urinary excretion, (3) difficulties in exactly controlling 
dietary intakes at these lower levels, (4) differences in analytical methods 
used in the determination of thiamine, and (5) differences in the physical 
characteristics, activity, and living conditions of the subjects. The method 
used for the determination of thiamine is especially important when the 
concentration of this vitamin in the urine is very low. Mickelsen, Condiff, 
and Keys (12) have discussed the problems involved under these circum- 
stances. 

The relation of the stabilized pyramin excretion values to thiamine 
intakes (Fig. 2) is an exponential curve which can be represented by the 
equation 


Micrograms pyramin = 400 — 330¢e°*4 


where A = daily thiamine intake in mg. The curve approaches a plateau 
value of 400 y of pyramin per day for very high intakes of thiamine. The 
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significance of the change in the slope of the pyramin excretion curve with 
increasing thiamine intakes is difficult to evaluate at this time. Under 
certain conditions, the pyramin excretion may, temporarily at least, greatly 
exceed 400 y. These special conditions will be discussed in subsequent 
publications. 

Excretions of Thiamine and Pyramin As Indicators of Thiamine Intake— 
It would be highly desirable to evaluate the relative merits of thiamine and 
pyramin excretions as indices of thiamine intake. At present there are no 
statistical methods which allow the thiamine data to be used in a strict 


Urinary Pyramin Excretion in Y¥ per Day 
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Fie. 2. The excretion of thiamine and pyramin with different thiamine intakes. 
The data for these curves are from Tables I and II. 


analysis of variance. Several attempts at comparison of these two meas- 
ures, however, have been tried. 

In the first of these methods, the thiamine and pyramin excretion values 
have been plotted against the thiamine intake. At daily thiamine intakes 
of 2 mg. or less per day two substantially straight lines result, whose slopes 
on an equimolar basis are not significantly different. The correlation 
between the corresponding intake and excretion values should indicate how 
directly the excretion measure is related to the thiamine intake. The 
measure with the higher correlation coefficient can be taken to be the more 
directly related to the thiamine intake. 
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With the .nean excretion values of twenty-two individuals who have been 
maintained on levels of 0.6, 1.0, 1.8, and 2.0 mg. of thiamine per day (Table 
III), the correlation coefficient ((16) p. 188), , relating thiamine excretion 
to intake, was +0.88, and the one relating pyramin excretion to thiamine 
intake, r2, was +0.93. The pyramin excretion data show the higher corre- 
lation coefficient, but with twenty-two cases the difference between the two 
is non-significant. The difference is still found to be non-significant when 
all of the original data are used. 

Another approach involves the use of Hotelling’s ¢ test, which is specifi- 
cally designed to show which of two variables is best suited for the prediction 
of a third (1). When the calculations for this test are made, it is again 
found that pyramin excretion is better, but not significantly so, than 
thiamine for the prediction of thiamine intake. 

Other methods of comparison have also been studied. In one of these, 
the variations in the excretion values at each intake level have been ex- 
pressed in terms of thiamine intake by means of the slopes relating the 
excretion of thiamine and pyramin (expressed in equimolar terms) to 
thiamine intake. This procedure indicates that the relative superiority of 
the one excretion test over the other is dependent upon the intake level, 
but egain exact comparisons are difficult. 

Below a thiamine intake of about 0.7 mg. per day, the thiamine excretion 
approaches zero. Statistically these values are very constant, but experi- 
mentally not very useful. At these same levels of intake the pyramin 
excretion values are easily measurable. At thiamine intake levels close to 
1.0 mg. of thiamine per day both thiamine and pyramin excretion values 
are equally reliable as indicators of thiamine intake. At thiamine intakes 
below 1.0 mg. of thiamine per day the thiamine excretion values are statis- 
tically less variable than the pyramin. At thiamine intakes above 1.0 
mg. per day the pyramin excretion values are less variable and thus more 
reliable than the thiemine values. 

One of the great drawbacks in the use of thiamine is that the excretion 
level is highly characteristic of the individual. This property is apparent 
at the intake levels ordinarily encountered in the norma] American dietary, 
which makes it difficult to compare the data of one group with that from 
another. Except at intake levels between 0.7 and 1.0 mg. of thiamine per 
day, the pyramin excretion is slightly more sensitive to intake than is 
thiamine excretion. Consequently, at intake levels below 1 mg. of thiamine 
but above 0.7 mg. per day, it is better to use the thiamine excretion as an in- 
dicator of the intake. From | mg. up to about 5 mg. it is better, however, 
to use the pyramin excretion. Unless the intake level is known, it is rather 
difficult to determine which of the two indices is the better. Under such 
conditions and as a means of improving the accuracy of the intake predic- 
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tion, it is advisable to determine both excretion compounds. A multiple 
regression equation ((16) p. 340) or discriminant function (2) may be set 
up which in turn can be converted to 


Mg. thiamine intake = —0.65 + 0.0086 pyramin + 0.0027 thiamine 


Tasie IV 
Original Urinary Thiamine and Pyramin Excretion Data of Individual Subjects 
Maintained on Constant Thiamine Intake for 8 Months 
The first six men received 2 mg. of thiamine ner day throughout this period, while 
the other six received 1 mg. B, represents the daily thiamine excretions in micro- 
grams and P, the daily pyramin excretion in micrograms of 2-methy!-4-amino-5- 
ethoxymethylpyrimidine hydrochloride. 





| . P . 
Time of urinary collection 


Subject | SaaS GREER GEE REE ane Mean 








December ‘January March | April | June July 
D | By | 276 | 204 | 350 | 433 | 398 | 348 | 168 | 381 [330 |353 {276 |333 | 328 
P | 230 | 282 | 240 | 228 | 227 | 250 | 142 | 236 l194 [211 {264 248 | 229 
C B, | 82| 87| 88 | 123 | 140| 164 | 138) 91 [128 | 87 104 | 86 | 110 
P | 275/2 | 238 | 236 | 216 | 273 | 221 | 244 /220 |231 lo70 [245 | 247 
B | B, | 231 | 141 | 158 | 238 | 336 | 416 | 500 | 204 |364 |296 |318 [316 | 301 
P | 266 | 228 | 195 | 220 | 243 | 245 220 | 242 |185 |261 204 |235 | 229 
Ww B, | 128 | 191 | 109 | 167 | 180 | 318 | 140 | 112 |206 |209 |153 |234 | 179 
P | 238 | 249 | 219 | 203 | 268 | 264 | 207 | 227 191 lon 202 |253 | 228 


100 | 176 | 295 | 110 |193 |163 /152 |198 | 168 
| 
| 


H B, | 148 | 122 | 138 | 225 
P | 231 | 306 | 246 | 280 | 272 | 
Pe | Bi | 114 | 128 | 101 | 183 | 200 | 191 | 307 | 252 1193 |156 |113 |134 | 173 
P | 226 278 | 222 | 234 ip 261 | 250 | 272 |205 |254 |209 |272 | 248 

| 


215 | 205 | 219 |216 |248 |247 |243 | 244 





119 74/1 88!| 94| 68! 64) 95 


A B, | 117| 75| 79 | 105 | 119 | 136 | | | 
P | 230 | 211 | 190 | 202 | 219 | 194 | 139 | 187 130 169 (157 1174 | 184 
Pa | B; | 36/] 21/ 39| 46 45 | 48 | 22 |22| 37 





P | 158 | 214 | 162 | 170 1162 170 |142 | 166 
| B, | 62) 52) 60] 69 | 97] 78) | 10 | 38 | 62 

| P| 165 | 193 | 181 | 157 | 179 | 188 | 142 | 167 |118 |159 |169 |150 | 164 

E | B, | 60| 48/ 53] 67 | 77] 81 | 135| 40] 38] 40 133142! 60 
P | 173 | 220 | 153 | 152 | 192 | 186 | 147 | 146 |128 |148 |178 |178 | 167 


mM | B, | 85| 83/ 86| 122 | 
121 138 | 174 |104 |178 {198 |179 | 182 
| P | 173 | 200 | 185 | 188 | 206 | 130 | 143 | 181 |127 |188 |173 |146 | 170 





62 | 38) 34 | 32 | 
| 
| 
| 


| 

| 186 | 185 | 167 | 165 112 
| 81| 55 | 57 
| 














205 
B, | 55| 46| 49/ 62 | 76| 48 | 














90| 73! 70| 16] 36! 38| 44/41! 65 
P | 183 | 243 | 210 | 245 
60 | 45 | 48| 52 | 40| 41) 52 
. | 





where thiamine and pyramin are the urinary values for these compounds 
expressed as indicated above. The constants in this equation have been 
calculated from the datain TableIV. In this equation pyramin is weighted 
twice as heavily as thiamine, which again indicates that it is a slightly more 
reliable indicator of thiamine intake (2). It must be emphasized that all 
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of the equations given in this paper have been secured from our data and 
are meant to hold only for our set of conditions, and must be rigidly checked 
before they are used under any other circumstances. 

DISCUSSION 

In the past, surprisingly little work has been done with pyramin, espe- 
cially in prolonged experiments. Pollock, Ellenberg, and Dolger (14) were 
probably the first to make actual analyses of the pyramin content of the 
urine (called by them ‘“‘pyrimidine’’). They suggested that the urinary 
thiamine excretion represented only the immediately preceding vitamin 
intake, whereas the pyramin excretion more faithfully mirrored the body 
stores of thiamine. Since the urinary pyramin excretion increases after 
the injection of 100 mg. of thiamine, they postulated that pyramin is de- 
rived from thiamine. 

Wertz and Mitchell (17) used the pyramin values expressed as thiamine 
equivalents, plus the actual thiamine values as a measure of the “total” 
thiamine excretion. Although their experiments were of only a few days 
duration, there is an indication that at the lower levels of thiamine in- 
take a greater fraction of the intake can be accounted for on the basis of 
“total” urinary thiamine excretion than at the higher levels of intake. 
Our work confirms and supplements this. Fig. 3, which is based on our 
data, shows that with increasing thiamine intakes the excretion of thiamine 
increases, but tends to reach a plateau at about 13 per cent of the intake. 
When the pyramin content of the urine is added to this, the total per cent 
of the intake accounted for in the urine decreases as the intake increases. 
Even at the lower dietary intakes, a maximum of 42 per cent of the in- 
take was accounted for as the sum of pyramin and thiamine, whereas at 
levels of intake of 1 mg. only 35 per cent was accounted for. There is 
no indication as to the fate of the remaining thiamine. Nothing can be 
said about the stability of pyramin in the body until it is isolated and char- 
acterized. The pyrimidine ring in thiamine may be broken down by the 
body to compounds other than pyramin. 

Gorham, Abels, Robins, and Rhoads (5) found a marked increase in 
the pyramin excretion following the injection of 5 mg. of thiamine, whereas 
the pyramin excretion was almost unaffected by the injection of 5 mg. of 
2-methyl-4-amino-5-methoxyethylpyrimidine (sic.). Theirworkalsobrings 
out the greater variation in the excretion of thiamine, when compared to 
that of pyramin. 

Regardless of whether thiamine or pyramin is used, a comprehensive 
statistical evaluation of the urinary excretion is necessary before any 
assessment can be made of this technique as a measure of vitamin require- 
ment. Many workers have come to conclusions on the human vitamin 
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requirement based only on unappraised urinary excetion data. Only one 
such example will be mentioned to illustrate a common fallacy. Mason and 
Williams (9) increased stepwise the thiamine intake from 0.4 up to 2.0 mg. 
per day. They noticed a “marked” change in the slope of the urinary 
thiamine excretion when the intake was increased from 0.8 to 1.0 mg. This 
led them to conclude “that a level of intake of 800 micrograms was just 
enough for physiologic purposes and that above this level a greater amount 
was excreted as surplus” (p. 251). Statistical examination of their data 
fails to show any significant change in the slope of the urinary excretion 
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represent the averages of the four or more men listed in Tables I and II. 


curve at this point. In fact, the total change in the excretion values at the 
two intakes is just barely significant (p = 0.02), even when advantage is 
taken of paired variance assumptions. 

Various workers have argued strongly for the use of the urinary excretion 
of thiamine as an index of the nutritional status of the individual. The 
supporting data consist primarily of a number of isolated short time 
experiments which were poorly controlled more often than not. In spite 
of the many analyses of urinary thiamine that have been reported by many 
workers, practically no one has attempted a statistical analysis to establish 
the possible significance of the data. The result has been a neglect of some 
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of the basic facts. Excretion equilibrium at a given thiamine intake level 
requires many days. We have as yet no proper information as to varia- 
tions in the rate of attainment of equilibrium. But even when equilibrium 
has been established at a highly constant thiamine intake, there are, as 
we have shown, very large consistent individual differences and consider- 
able day to day variations. Marked inter- and intraindividual variations 
in thiamine excretion associated with a constant thiamine intake have been 
noted without statistical analysis by Wertz and Mitchell (17). Limitation 
of analysis to a casual comparison of group averages has obscured the ques- 
tion of the meaning of the individual estimation and has led to unwarranted 
optimism. 

The facts are that one “normal” person may excrete twice or even 3 
times as much thiamine as another “normal” person on exactly the same 
diet. In any one day these differences are apt to be considerably larger 
than the mean differences. Finally, we may note that when the thiamine 
intake is changed the rate of response in urinary excretion is such that only 
half the change is completed in 10 days (Fig. 1). This is true for both 
thiamine and pyramin excretion. Obviously this fact is of great importance 
in all experiments relating thiamine excretion to intake and attempts to 
interpret thiamine “load” or “saturation” tests. Melnick (11) has criti- 
cized some of our earlier reports on thiamine excretion associated with low 
thiamine intakes (7) as being “too low.” Our reported excretions, being 
achieved at the true plateau level, are naturally lower than the values 
obtained only a few days after the change from a high to a low intake. 

In this paper we have discussed only “normal”? young men, that is 
young men with no history, signs, or symptoms of nutritional, digestive, or 
metabolic peculiarities. We can only believe that the variations in a less 
rigidly ‘normal’? and homogeneous population must be more than with 
our subjects. 


SUMMARY 


1. Thiamine and pyramin excretion values from twenty-two normal 
young men maintained for prolonged periods on very carefully controlled 
thiamine intakes of 0.6, 1.0, 1.8, and 2.0 mg. per day have been studied 
statistically. 

2. Thiamine excretion values appear in a general way to be linearly re- 
lated to the thiamine intake, but are also highly characteristic of the 
individual. One ‘‘normal” individual may excrete twice as much as another 
“normal” individual on the same thiamine intake. The interindividual, 
intraindividual, and random variabilities occurring in the thiamine data 
increase markedly (but not quite in direct proportion) as the excretion 
values increase. Strict analysis of variance is almost impossible with these 


data. 
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3. The relationship between pyramin excretion values and thiamine 
intake is exponential, with the curve approaching a plateau of about 400 y 
of pyramin at very high intake values. In the region of normal intake 
levels (1 to 2 mg. per day) the relationship is very close to linear. The 
variabilities are quite homogeneously distributed, a fact which greatly 
facilitates statistical treatment of the data. 

4. Several advantages appear to be secured from the use of pyramin over 
the thiamine excretion data: (a) greater ease of statistical treatment of the 
data, with a corresponding increase in certainty of the results; (b) thiamine 
excretion values are subject to large, consistent, individual differences, 
while in the pyramin data the individual differences are very small; and 
(c) at low levels of thiamine intake the excretion of pyramin is still de- 
terminable, whereas the excretion of thiamine itself becomes zero. 

5. When the thiamine intake is increased from 1 to 2 mg., it requires a 
period of about 6 weeks for thiamine and pyramin urinary excretion values 
to come to equilibrium with the new intake level. Half of this change oc- 
curs during the first 10 days. 

6. The necessity for statistical treatment of excretion data and, further, 
the necessity for recognizing the nature of the variabilities involved in this 
data have been pointed out. 


Mr. Howard Condiff and Miss Laura Werner made the analyses for 
thiamine; Mr. Eugene Sunnen and Miss Doris Fredson assisted with the 
pyramin analyses; Mr. Ersal Kindel built the apparatus for the determina- 
tion of pyramin; Dr. Howard Alexander helped with the statistical work 
involved in this paper, for which we are sincerely grateful. A large number 
of Civilian Public Service men served diligently as subjects for these 


experiments. 
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THE CHEMISTRY OF MELANIN 


Il. THE OXIDATION OF DIHYDROXYPHENYLALANINE BY 
MAMMALIAN DOPA OXIDASE* 


By HOWARD 8. MASON 


(From the Office of Dermatology, Industrial Hygiene Division, Bureau of State Services, 
United States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 3, 1947) 


Raper and Speakman (1, 2) have shown that hallachrome (I) is formed 
from 3,4-dihydroxyphenylalanine in the presence of potato, fungus, and 
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meal worm tyrosinases. Hogeboom and Adams (3) have isolated a 
3,4-dihydroxyphenylalanine oxidase (dopa oxidase) from the Harding- 
Passey melanoma. In the present study the oxidations of dihydroxy- 
phenylalanine by melanoma dopa oxidase and by mushroom tyrosinase 
have been compared spectrophotometrically. It has been found that 
hallachrome is formed in the presence of mammalian dopa oxidase. 


EXPERIMENTAL 


A mammalian dopa oxidase was prepared by the method of Hogeboom 
and Adams (3) from the S91-dba mouse melanoma. The tumor material 
was generously supplied by Dr. Glenn H. Algire of the National Cancer 
Institute. To measure the activity of the preparation, 0.5 ml. of the 
enzyme was mixed with 2.5 ml. of phosphate buffer at pH 6.8, containing 
0.5 mg. of /-3 ,4-dihydroxyphenylalanine (Hoffmann-La Roche). 3 atoms 
of oxygen were consumed per molecule of substrate in 100 minutes. In 
600 minutes, 4 atoms of oxygen were consumed. The experiment was 
terminated at 1000 minutes, when 4.2 atoms of oxygen had been consumed. 
This determination was carried out at 31.7°; the manometric technique 
has already been described (4). 

Tyrosinase was prepared from Psalliota campestris, according to the 
procedure of Ludwig and Nelson (5). The sample contained 273 cate- 


* The first article in this series is in press (Ann. New York Acad. Sc. (1947)). 
433 











434 CHEMISTRY OF MELANIN. II 
cholase units per ml., or 90 units per mg. of dry weight, as determined 
by the method of Miller and coworkers (6). 

To follow the course of the enzymic reactions by means of the spec- 
trophotometer (Beckman), continuous readings were made and the trans- 
formations of the chromophores involved were quantitatively recorded. 
In applying this technique, 3.0 ml. of buffer solution were measured into 
a 1.0 cm. quartz spectrophotometer cell (comparison cell), and 3.0 ml. 
of the same buffer containing dihydroxyphenylalanine were measured 
into another cell. The absorption spectrum of the substrate was then 
determined as a check upon the concentration and freshness of the solution. 
Slit width was maintained at 0.3 mm. and widened at the short wave- 
lengths only as much as required by the decreasing transparency of the 
comparison solution. The tyrosinase was diluted so that 0.1 ml. contained 
the desired number of units. Since the dopa oxidase was not of suffi- 
cient strength to permit this, the volume of the enzyme used was varied 
up to0.3 ml. The enzyme was added to the comparison ceil and the mix- 
ture carefully stirred. The same volume of enzyme was then added to 
the cell containing dihydroxyphenylalanine, the time was recorded, and 
the mixture again carefully stirred. Density values were continuously 
read, scanning the field from the long to the short wave-lengths at intervals 
which varied from 2.5 to 20 mu, depending upon the character of the region. 
From 3 to 5 minutes were required to scan the range between 400 and 230 
mu. When desirable, the densities at specific wave-lengths were followed 
continuously. All experiments were conducted at a room temperature 
of 28-29°. 

Results 


The spectrophotometric course of the oxidation of varying concentrations 
of dihydroxyphenylalanine in the presence of varying amounts of tyro- 
sinase was determined as a standard against which the action of dopa 
oxidase could be compared. In Fig. 1 is depicted the sequence of absorp- 
tion spectra observed when 3.0 ml. of a substrate solution containing 
0.008 mg. of dihydroxyphenylalanine per ml. were oxidized in the presence 
of 0.27 (A), 1.4 (B), and 9.0 (C) catecholase units of mushroom tyrosinase. 
The absorption spectrum of dihydroxyphenylalanine, maximum = 280 
mu, log e = 3.43, was replaced by a new and more intense maximum at 
305 mu when 9.0 units of enzyme were employed. In the presence of 0.27 
and 1.4 units, an incomplete progression toward this curve could be ob- 
served. 

The results obtained when 3.0 ml. of substrate solution containing 
0.024 mg. of dihydroxyphenylalanine per ml. were oxidized in the presence 
of 1.4 (A), 9.0 (B), and 13.5 (C) catecholase units are presented in Fig. 2. 
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d | The absorption spectrum of dihydroxyphenylalanine was again found to 
be replaced by a new spectrum with a maximum at 305 mu. The height 
and speed with which the new maximum developed were a function of 
the enzyme concentration. In the presence of 13.5 units of enzyme, 
































1. the chromophore reached its greatest concentration in 15 minutes. At 
“ this point the solution was bright red; the color thereafter changed to 
1. purple and finally to brown, corresponding to the formation of synthetic 
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ro- Fic. 1. Spectrophotometric course of the oxidation of 3, 4-dihydroxyphenylalanine 
in the presence of tyrosinase. A, 0.008 mg. per ml. and 0.27 catecholase units at 
ope (reading up) 0, 10, and 35 minutes; B, with 1.4 catecholase units at 0, 10, and 50 min- 
- utes; C, with 9.0 catecholase units at 0, 2, and 11 minutes. 
ing 
nee dopa melanin. During these changes the absorption spectra gradually 
ase. | approached curves indicating general absorption. 
280 | The dopa oxidase preparation proved to be much less active than the 
1 at partially purified tyrosinase. When 3.0 ml. of a substrate solution con- 
).27 taining 0.024 mg. of dihydroxyphenylalanine per ml. were oxidized in the 
ob- presence of 0.1 ml. of dopa oxidase (Fig. 3, B), an incomplete sequence 
was obtained, roughly approximating the oxidation of a like amount of 
ning — dihydroxyphenylalanine in the presence of 1.4 units of tyrosinase. By 
ence increasing the amount of enzyme employed to 0.2 ml., the sequence of 


g. 2. reactions progressed to a clear development of an absorption spectrum 
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with a maximum at 310 mu (Fig. 3, C). The optical properties of the 
reaction mixture were such that no measurements could be obtained below 
285my. Asimilar development of an absorption spectrum with a maximum 
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Fic, 2. Spectrophotometric course of the oxidation of 3,4-dihydroxy phenylalanine 
in the presence of tyrosinase. A, 0.024 mg. per ml. and 1.4 catecholase units at 0 and 
28 minutes and 19 hours; B, with 9.0 catecholase units at 0, 2, 5, and 21 minutes and 
18 hours; C, with 13.5 catecholase units at 0, 1, and 15 minutes and IS hours. 


at 305 to 310 my was observed when the concentration of the substrate was 
0.008 mg. per ml. By advancing the ratio of enzyme to substrate con- 
centration to 0.3 ml. of enzyme per 3.0 ml. of solution containing 0.008 
mg. of dihydroxyphenylalanine per ml., a new effect was observed. An 
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intermediate absorption spectrum with a maximum below 285 my quickly 
developed. This gradually disappeared and was replaced by the previously 
observed maximum at 305 to 310 my (Fig. 3, A). 
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Fic. 3. Spectrophotometric course of the oxidation of 3,4-dihydroxyphenylalanine 
in the presence of dopa oxidase. A, 0.008 mg. per ml. and 0.3 ml. of enzyme at (read- 
ing up) 0, 15, and 120 minutes; B, 0.024 mg. per ml. with 0.10 ml. at 0, 8, and 150 
minutes; C’, 0.024 mg. per ml. with 0.2 ml. of enzyme at 0, 15, and 150 minutes. 


DISCUSSION 


Dihydroxyphenylalanine is known to be oxidized to a brown pigment 
in the presence of both mammalian (3) and non-mammalian (1) phenol- 
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oxidases. When investigated, these processes have been shown to require 
approximately 4 atoms of oxygen per molecule of substrate (3, 7). The 
initial sequence of reactions taking place when dihydroxyphenylalanine 
is oxidized in the presence of tyrosinases has been worked out by Raper (2). 
It has not been proved that a similar sequence occurs when synthetic 
dopa melanin is formed by mammalian dopa oxidase. In the present 
investigation, red, and finally brown, pigment was observed to form when 
dihydroxyphenylalanine was oxidized in the presence of either mushroom 
tyrosinase or a mammalian dopa oxidase. Since the red pigment is charac- 
terized in both instances by maximum absorption at 305 to 310 my, it is 
probable that hallachrome is formed from dihydroxyphenylalanine by both 
enzymes. 

The enzyme preparations were of different relative purities. No con- 
clusions regarding the relative rates at which the red pigment formed may 
be drawn. When the ratio between the concentrations of dopa oxidase 
and the substrate was high, a chromophoric substance intermediate 
between dihydroxyphenylalanine and hallachrome accumulated. While 
several explanations for this change in the relative rates of the consecutive 
reactions involved are evident, no decision is possible at present. 

The slight shift in the position of the absorption maximum of the red 
pigment between 305 and 310 my (cf. Figs. 2,C and 3, C) may be ascribed 
to the metachromatic effect (8) arising from differences in quantity and 
kind of protein in the two enzyme preparations. 


SUMMARY 


1. An absorption maximum at 305 to 310 mg, characterizing hallachrome, 
developed when dihydroxyphenylalanine was oxidized in the presence 
of either mushroom tyrosinase or melanoma dopa oxidase. 


The assistance of Anne H. Wright with the manometric determinations 


is gratefully acknowledged. 
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A COMPARATIVE STUDY OF THE METABOLISM OF 
a-ALANINE, 8-ALANINE, SERINE, AND ISOSERINE 


I. ABSORPTION FROM THE GASTROINTESTINAL TRACT 


By FRANCES A. SCHOFIELD* anp HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor) 


(Received for publication, January 29, 1947) 


One of the earliest suggestions that the rate of absorption from the intes- 
tine might not be the same for all amino acids came from indirect evidence. 
The amino acid nitrogen of the blood of dogs and rabbits showed a more 
rapid increase after the oral administration of glycine and alanine than 
after similar administration of glutamic and aspartic acids (1). It was 
suggested that the naturally occurring dicarboxylic amino acids might be 
less rapidly absorbed. Studies of the changes of the non-protein nitrogen 
of the blood after amino acids were fed to rabbits led Johnston and Lewis 
(2) to suggest that the rate of absorption of amino acids from the intestine 
might be one of the important factors in the rate of metabolism of the amino 
acids. 

The Cori technique (3) permits an accurate determination of the material 
absorbed from the gastrointestinal canal of rats and the use of small animals 
of this type has made possible such a study with the use of relatively small 
amounts of amino acids. Wilson and Lewis (4) extended the preliminary 
experiments of Cori (5), who studied glycine and alanine, to include alanine 
and a number of other amino acids. The absorption of most of the other 
amino acids of the protein molecule has now been investigated by this 
procedure. 

The purpose of the present study was to determine the effect of stereo- 
chemical differences on the rate of absorption of amino acids, as exemplified 
by an investigation of the comparative behavior of I-, d-, and dl-alanine. 
The influence of a shift in the position of the amino group has also been 
determined by a comparison of dl-alanine with the naturally occurring 
B-alanine and of dl-serine with dl-isoserine. The comparison of serine 
with alanine and of isoserine with §-alanine should afford information on 
the effect of the introduction of a hydroxy! group into the molecule of the 
amino derivatives of propionic acid. 


*Present address, Randolph-Macon Woman’s College, Lynchburg, Virginia. A 
part of the experimental work was carried out in the chemical laboratories of the 
Randolph-Macon Woman’s College. Financial support was available through a 
grant to one of us (F. A.S) from the American Association for the Advancement of 
Science administered by the Virginia Academy of Science. 
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EXPERIMENTAL 


The general procedure was that of Cori (3) as modified by Wilson and 
Lewis (4) for the study of the absorption of amino acids. Male white rats, 
whose weight after a 24 hour fast was 115 to 135 gm., were used. In order 
to insure uniformly good nutritive condition, they were all fed a commercial 
rat diet (Rockland or Purina chow) for 7 to 21 days prior to the fasting 
period. The preliminary period of fasting (24 hours), the methods of 
administration of the amino acids, and the preparation of the solutions for 
analyses of the gastrointestinal contents were similar to those used previ- 
ously (4). 

The period allowed for absorption was in all cases the same, 3 hours. 
It should be noted also that, in all experiments, the amounts of amino acids 
fed were in considerable excess of the amount which could be absorbed over 
the total 3 hour period. The amino acids were in aqueous solution as such 
rather than as the sodium salts fed in certain of our earlier experiments (4). 
It was possible to improve our procedure so that the period during which 
the gastrointestinal tract remained frozen in the ice box after removal from 
the body and prior to the analyses was reduced to 2.5 hours. 

The amino acids were obtained from commercial sources except 6-alanine 
and isoserine which were synthesized in this laboratory. In the analysis 
of g-alanine by the Van Slyke volumetric amino nitrogen procedure, 
a reaction time of 15 minutes was required instead of the usual 3 for com- 
plete reaction. This period was used in the analyses of gastrointestinal 
contents in those experiments in which f@-alanine was fed. Isoserine gave 
somewhat more than the theoretical amino nitrogen in 3 minutes and it 
was necessary to use the proper correction factor for this amino acid. All 
compounds were analyzed for total and amino nitrogen with satisfactory 
results. 

The d- and l-alanine were obtained through the cooperation of Dr. Max 8. 
Dunn of the University of California at Los Angeles, in whose laboratory 
their specific rotations, — 13.57° and +13.83° respectively, were determined 
under standard conditions (¢ = 25°; ’ = 5893 A; solvent, 5.97 N hydro- 
chloric acid; concentration of amino acid, approximately 2 gm. in 100 ml. 
of solvent). Other samples of the optical isomers of alanine, secured 
through Hoffmann-La Roche, Inc., showed satisfactory purity on analysis, 
but their optical activity was not examined. The samples from both 
sources behaved similarly in the biological studies. 

To test the accuracy of the procedure, a solution of dl-alanine of approx- 
imately the same concentration as that used in the absorption studies was 
fed to three rats and the animals were killed as rapidly as possible. Not 
more than 4 minutes elapsed between the introduction of the solution into 
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the stomach and the placing of the excised gastrointestinal tract in the 
freezing chamber. Recoveries of alanine (as amino nitrogen) were 93, 94, 
and 93 per cent of the amount fed. These recoveries are similar to those 
of Butts, Dunn, and Hallman (6) who obtained 91.5 per cent in similar 
control experiments. 

Since the amount of amino acid absorbed is determined as the difference 
between the amount of amino nitrogen fed and that remaining in the tract 
at the end of the absorption period, it is necessary to correct the latter 
value for the residual amino nitrogen of the tract of the fasting rat as de- 
scribed previously (4). This correction was determined with two series 
of animals, a summer series and a fall and winter series. In the summer 
group, twelve animals gave an average. of 6.9 mg. of residual amino acid 
nitrogen per 100 gm. of body weight, with a range of 5.0 to 9.7 (only two 
values exceeded 7.9), and in the fall-winter group of twenty animals, 
slightly lower values were obtained, 4.4 mg. with a range of 2.4 to 7.1 mg. 
(only one value above 6.5). These values were used as correction factors 
in the corresponding series of experimental animals. These control values 
are slightly higher than those obtained previously in this laboratory (4), 
but in those series, also, somewhat higher residual amino nitrogen values 
were observed in the summer series. 

The results obtained are presented in condensed form in Table I. With 
dl-alanine, a summer series of sixteen animals and a second (fall-winter) 
series of fourteen animals were studied. Absorption coefficients of 79 
(range, 64 to 96) and 82 (range, 77 to 92) mg. per 100 gm. of rat per hour 
were obtained. All subsequent experiments with other amino acids were 
in the fall-winter series. The absorption coefficient of dl-alanine was 
quite high and in general, similar to but slightly higher than the value (72) 
obtained previously in this laboratory. 

The rate of absorption of the / isomer of alanine was determined in seven- 
teen animals, twelve of which received the amino acid obtained from 
Hoffmann-La Roche, Inc., and five that from Dr. Dunn. The coefficients 
of absorption of the two groups were 83 and 79 respectively, with a mean 
for all seventeen animals of 81.5. In the studies with d-alanine, the 
animals receiving the Hoffmann-La Roche and the Dunn preparation 
numbered thirteen and five respectively. The coefficients of the two 
groups, 62 and 59, were not significantly different. The mean of all eight- 
een animals was 61.6. d-Alanine appears to be absorbed at a slightly lower 
rate than the / isomer or racemic alanine. 

8-Alanine, which because of its slightly greater solubility could be fed 
at slightly higher levels than dl-alanine, was absorbed at a definitely lower 
rate (51.4). Somewhat greater individual variations were noted in the 
experiments with f-alanine than were observed in the dl- and /-alanine 
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series. A similar variation was observed in the d-al:inine series. It seems 
probable that, when the rate of absorption is lower, individual differences 


may be more evident. 
The rate of absorption of serine (67.1), while definitely lower than that 


of either dl- or l-alanine, was considerably greater than that of f-alanine, 


TaBLe I 


Statistical Comparison of Rates of Absorption of Amino Acids from Gastrointestinal 
Tract during 3 Hour Periods of Rats Fasted for 24 Hours 


In Column A, the rate of absorption of the amino acids under consideration is 
compared statistically with that of dl-alanine; in Column B, with that of d-alanine; 
in Column C, with that of l-alanine; and in Column D, with that of dl-serine. 

















f | Absorption coeficient,| tt for difference of means 
we Amino acid nm Se —— 
so a M j ' 
mum | mum | (X), | «mm | @ ©] @ 
: | mg. | m —T | aa 
: dl-Alanine | 96 | 64 (80.5+)52.3 | 
18 | d-Alanine | 78 | 40 161.6 [74.5 | 8.2 8.0 | 
17 | l-Alanine | 92 | 73 |81.5+/21.9 | 0.50 | | 
(P > 0.6) 
13 | B-Alanine | 60 | 34 [51.4 [61.1 11.8 | 3.4 (0.001 [13.2 | 
| > P > 0.01)! 
12 | dl-Serine 7 | 54 (67.1 (37.5 5.7 
12 | dl-Isoserine 19 10 |14.1 | 8.4 36.3 | (32.0 
sane ; , ve _ 2(X — X)? 
* S? is the unbiased estimate of the population variance | S? = oe uy 
Ne 


t Values of ¢ not in bold-face are ¢ values as calculated by “‘Student’’-Fisher. In 
the case of the values in bold-faced type, the ratio of estimated variances was too 
great (for the Snedecor F (variance ratio), P <0.10) to assume that both samples came 
from equally variable populations and hence the usual ‘‘Student’’-Fisher test for 
the comparison of means is not applicable. The samples here are smaller than one 
ought to have for the use of the large sample test in which the variance of the differ- 
ence of sample means is simply estimated as the sum of their estimated variances. 
There is, however, an exact test (Scheffé) available for such cases, and this gives at 
which obeys the ‘‘Student’’-Fisher law but with degrees of freedom 1 less than the 
smaller sample size (7). The bold-face values of ¢ are of this latter kind. Values of 
P are given whenever they are >0.001. 


The coefficient of isoserine (14.1), on the other hand, was much lower than 
that of any other amino acid studied in these experiments. This is to be 
contrasted with the very rapid absorption of alanine and the good ab- 
sorption of serine. Even the more slowly absorbed §-alanine (in which the 
amino group is in the same position as in isoserine) was absorbed at a rate 
approximately 4 times as great as that of isoserine. 
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Because of the limited solubility of isoserine in water, the amounts which 
could be dissolved in the 2 ml. of solution administered were small (49 to 
68 mg. per 100 gm. of rat), amounts definitely lower than those of the 
other amino acids studied (226 to 419 mg.). Although amino nitrogen was 
still present in the contents of the gastrointestinal canal in considerable 
amounts at the end of the 3 hour absorption periods, it seemed possible 
that the low rate of absorption might be related, in part, at least, to the 
small quantity of the amino acid presented for absorption in the tract. 
As a control, a series of animals received dl-alanine in amounts similar to 
the amounts of isoserine fed. At the end of a3 hour absorption period, the 
alanine had been completely absorbed, a finding which was to have been 
anticipated if the absorption had proceeded at a rate comparable to that of 
the other experiments with alanine. The poor absorption of isoserine can 
hardly be attributed to the small amounts of the amino acid which could 
be fed. 

The data obtained were analyzed by the Statistical Research Laboratory 
of the University of Michigan. We wish to express our appreciation to 
Professor Cecil C. Craig, Director of the Laboratory, for his aid in the 
interpretation of the data. As shown in Table I (Columns A, B, C, and 
D), all of the differences are of statistical significance except the dif- 
ferences between the absorption coefficients of dl- and /-alanine. 

The observation that dl- and l-alanine were absorbed at essentially the 
same rate is in agreement with previous work! from this laboratory (4). 
A study of the literature fails to reveal any real differences in the rate at 
which the “natural” optically active isomers and the racemic amino acids 
are absorbed. In previous studies from this laboratory (8), the absorption 
coefficients of the racemic forms of leucine, isoleucine, and valine were 
found to be the same as those of the / forms. While differences in the co- 
efficients of absorption of racemic and l-tryptophane have been reported 
as indicating a slightly more rapid absorption of the / isomer (9), the dif- 
ferences are so slight as to make this conclusion a debatable one. 

In the present experiments, d-alanine was absorbed at a rate significantly 
lower than that of J-alanine. We are not familiar with any previous 
experiments with rats by the Cori procedure in which the rates of absorption 
of the d and / isomers of pure amino acids are compared. 

It was surprising to observe that the presence of d-alanine in the racemic 
alanine did not lower the rate of absorption of this material as compared 
with l-alanine. If racemic alanine were an equimolecular mixture of the 
d and 1 isomers, its absorption coefficient might be expected to be less 


1 It should be noted that in the earlier papers cited from this laboratory (2, 4, 8), 
the older amino acid nomenclature is used. d-Alanine of previous experiments (4) 
is L-alanine according to the nomenclature used in the present paper. 
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than that of l-alanine, since in general the rate of absorption of a mixture 
is less than the rates of absorption of its components when fed alone (5). 
If racemic alanine is a compound, rather than a mixture as has been sug- 
gested for some amino acids, notably cystine (10), its absorption coefficient 
might be characteristic and the same as or different from those of the 
component optically active isomers. It would be of interest to feed 
amounts of a racemic amino acid such that a considerable amount of 
unabsorbed acid would remain in the gut after a period of absorption and 
to determine whether the residual material is racemic (i.e., both isomers 
have been absorbed to the same extent) or shows some optical activity 
(i.e., one isomer has been absorbed more rapidly than the other). 

The data warrant a brief discussion of the influence of chemical structure 
on the rate of absorption, as far as concerns the amino derivatives of 
propionic acid. When the amino group is more remote from the carboxyl 
group as in §-alanine or isoserine, the absorption coefficient is decreased 
in comparison with that of'the corresponding a-amino acid, alanine or 
serine. When a second substituent group, in this case a hydroxy! group, 
is also present in the molecule, the rate of absorption is also decreased, as 
is evident by a comparison of the absorption coefficients of alanine and 
serine and of §-alanine and isoserine. The difference between the last pair 
of amino acids is the most marked of our series. 

The values obtained in this series cannot be compared directly with the 
absorption coefficients obtained by other workers. The conditions of the 
experiments are so variable (age, weight, sex, period of absorption, etc.) 
as to make any comparisons of little value. Moreover, as shown previously 
(4, 8), the rate of absorption is different when the same amino acid is fed 
either as the free amino acid or as the sodium or potassium salt. The dif- 
ferent solubility of the amino acids may also be important. In the present 
series, the solubility of the acids fed can hardly be a significant factor, 
except possibly in the case of isoserine, the most poorly absorbed of those 
studied here. 

SUMMARY 


1. The rates of absorption of certain amino derivatives of propionic acid 
from the gastrointestinal tract of young white rats by the technique of 
Cori have been determined. The acids studied may be arranged in the 
following descending order of absorption coefficients: /-alanine and dl- 
alanine (essentially the same), dl-serine, d-alanine, §-alanine, and dl- 
isoserine. Statistical analysis has shown that, except in the case of dl- and 
l-alanine, the differences are significant. 

2. A comparison of the rates of absorption of a-alanine and §-alanine 
and of serine and isoserine indicates that, as the amino group was removed 
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from the carboxyl, the rate of absorption was decreased. Similarly the 
replacement of a hydrogen by a hydroxyl group, as shown by a comparison 
of alanine and serine and of 8-alanine and isoserine, resulted in a decreased 
rate of absorption. 

3. d-Alanine was somewhat less readily absorbed from the gut than was 
its stereoisomer, /-alanine. 
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The proposed method is at least twice as sensitive as Bodansky’s (1) 
stannous chloride method and about 15 times more sensitive than the 
Fiske-Subbarow (2) method. A suitable concentration range for routine 
work is 0.02 to 0.2 mg. per liter of phosphorus in the sample-reagent mix- 
ture. 

The method is based on the color change of a dye (quinaldine red) solu- 
tion, presumably due to the formation of an insoluble dye-phosphomolyb- 
date complex which remains in suspension. 

The determinations can be made with about 1 per cent precision. The 
drift (change in color intensity with time) is much smaller than in the Fiske- 
Subbarow method, while the temperature coefficient is slightly larger. 
The reagents keep well, and the readings of phosphate standards change 
little from day to day. 

On the other hand, the pli adjustments must be more accurate than in 
the Fiske-Subbarow method. 

Good agreement with the amidol-molybdenum blue method has been 
obtained in the analysis of calcified tissues and serum filtrates (see Table I). 


Reagents and Chemical Procedure 


Glassware and Its Use—The glassware, except for the colorimeter tubes, 
was of Pyrex. The water was purified by single distillation through a 
tin condenser and stored in glass-stoppered Pyrex vessels. 

Quinaldine red solutions formed a coating in the burettes which often 
interfered with proper drainage. The coating was readily removed with 
detergents, for instance with 50 per cent solution of Aerosol IB (obtained 
from the American Cyanamid Company, New York). 

The reaction vessels and colorimeter tubes were rinsed with concentrated 
H.SO, after use. Photometer cells with fused on windows were rinsed 
quickly with 50 to 75 per cent H.SO,, immediately after with water, and 
left filled with water for half an hour in order to soak the acid out of the 
joints. The use of cemented cells is not recommended. 

Preparation of Samples for Analysis—The calcified tissues were dissolved 
in 1 Nn HCl (0.8 ml. was taken for 3 mg. of enamel or ashed tissue and for 
4 mg. of dentin or bone). To each 3 mg. of the dissolved enamel or ash 
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and 4 mg. of the dentin or bone were added 6.75 ml. of 10 N H,SO,, plus 
water to make 1 liter. Any undissolved residue was allowed to settle, 
and the samples (containing 0.4 to 0.5 mg. per liter of phosphorus) were 
withdrawn from the top. 

The blood sera were deproteinized with 9 volumes of 0.55 n CCl;COOH, 
and the filtrates were diluted ten times with water. The 0.55 N (approxi- 
mately 10 per cent) acid was prepared from the 20 per cent solution by 
titrating the latter and diluting accordingly. 

Phosphate Standards for Calcified Tissue Analysis—Stock phosphate 
(100 mg. of P per liter) contained 0.4390 gm. of KH.PO, and 10 ml. of 10 


Tas_e I 
Quinaldine Red Method Checked against Molybdenum Blue Method 


The difference shown is between the quinaldine red and molybdenum blue values, 
expressed in per cent of the molybdenum blue value. 























Phosphorus content | 
Description of sample | Difference 

Quinaldine Molybdenum | 

red method blue method | 

per cent | per cent | 
Mixed dental tissue, ashed before dissolving | 14.07 13.94 +0.9 
Alkaline ash of dentin-cementum mixture 16.15 | 15.91 | +1.4 
Dental enamel, defatted, dried | 17.45 | 17.37 | +0.5 
Dentin, dried | 12.77 | 12.57 +1.6 
Bone, fresh (outer part of calf fibula) | 10.66 | 10.81 | —1.4 

on ™ ™ en ” | 10.45 | 10.45 0 

Human serum _ 0.00382 0.00381 +0.3 
« a 0.00320 | 0.00319 | +0.3 
“ ae / 0.00400 | 0.00396 | +0.9 
Horse “‘ 0.00339 | 0.00337 +0.8 
a " / 0.00300 | 0.00304 | —1.3 
Rabbit ‘“ 0.00446 0.00444 +0.4 





N H.SO, per liter. Standards containing 0.3 and 0.5 mg. of P per liter were 
prepared from stock plus 7 ml. of 10 n H.SO, per liter. 

Phosphate Standards for Serum—For standards containing 0.2 and 0.4 
mg. of P per liter, the requisite amount of stock phosphate (cf. above) 
plus 90 ml. of 0.55 n CCl;COOH plus 0.5 gm. of anhydrous Na,COs; was 
made up to 1 liter. 

Quinaldine Red-Gum Arabic Solution—To 50 mg. of quinaldine red and 
25 mg. of gum arabic were added 500 ml. of water, and the flask placed on 
the steam bath for 1 hour, with stirring at 10 minute intervals. (The dye 
should dissolve within 40 minutes.) After being cooled immediately under 
the faucet, the solution was decanted into a glass-stoppered Pyrex bottle. 
The bottle was kept out of direct sunlight. 
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Quinaldine red (2-p-dimethylaminostyrylquinoline ethiodide) supplied 
by the Eastman Kodak Company was satisfactory. Several preparations, 
according to Koenig and Treichel (3), gave slightly higher melting points 
but no marked difference when used in the reagent solution. 

Gum arabic was of the best commercial grade (‘‘U. S. P. select, lumps;’’ 
J.T. Baker’s pea size; and Penick’s ‘‘white tears” proved to be satisfactory). 
Clear and nearly colorless lumps, free from enclosures, were selected and 
powdered. A “U.S. P. powder” preparation was tried, but double the 
normal blank reading was obtained. 

The reagent is usable for at least 3 to 5 weeks, depending upon the con- 
centration range in which the measurements are made (see Table II). 


Tasie II 
Extinction Coefficients for 0 to O2 Mg. of Phosphorus per Liter 


k is the extinction coefficient (average of three replicates). A is the percentage 
deviation from proportionality between k and the phosphorus concentration (0.1 mg. 
per liter taken as the reference). 











Te cae sida Veloes | For phosphorus concentration in mg. per liter 
ption i+) ye so ution of 
0 0.02 0.04 0.10 0.20 
’ . k | 0.0072 0.0440} 0.0870) 0.2136 | 0.4470 
Solution I, 1 day old, 23 A 43.0 41.8 0 44.6 
k | 0.0079 0.0413, 0.0797) 0.2015 | 0.4168 
oe “ ° 
17 days old, 23" ), 42.6 | -1.1 |0 43.4 
2 .| {k | 0.0073 0.0440,  0.0821/ 0.2004 | 0.4258 
ah, 3 Gay OR, OE" hn +5.0 | -2.0 |0 +1.7 
ie “eeu a. 42, {* | 0.0084 0.0419} 0.0814) 0.2085 | 0.4264 
oe Ooms A +0.1 -2.3 |0 +2.2 
> | {k | 0.0122 0.0387; 0.0769} 0.2170 | 0.4377 
anaes i -10.8 |-11.4 |0 +0.8 























Perhaps the best period is 1 to 3 weeks after the preparation, when the daily 
change is slight. 

Molybdate-Sulfate—To 250 ml. of 10 N H2SO, were added 8.85 gm. of 
ammonium molybdate (81.4 per cent of MoQ;) and the solution was made 
up to 1 liter. 

No effects of aging were noticed, except on the temperature coefficient 
of color development. 


Procedure 


2 volumes of the sample (or standard) and 2 volumes of the dye solution 
were measured into a dry or well drained vessel and mixed. 1 volume of 
the molybdate-sulfate was added next from a transfer pipette and with 
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continuous stirring, the solution being discharged against the wall of the 
vessel. The mixture was allowed to stand for 10 minutes before reading, 
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Fic. 1. Extinction curves of the solutions and the light filter. The plotted ex- 
tinction values of the solutions are extinction coefficients multiplied by 4 (i.e. ex- 
tinctions of 4 cm. deep solution layer). The dashed curves are those of a reagent 
blank and a 0.1 mg. per liter sample, read in a Coleman spectrophotometer model 11 
(band width 35 my). The dotted curves represent extinctions of a 0.1 mg. per liter 
sample and of the filter (No. KS 54) used in the colorimetric readings, calculated from 
transmittance curves traced in a Hardy spectrophotometer (band width 10 mg) 
at the Electrical Testing Laboratories, New York. According to the manufacturer 
(Klett Manufacturing Company, New York), the transmission maximum of a No. 
KS 54 filter is near 540 mz. 


The volume of the dye solution was read to 1 per cent (ef. p. 452). 
The rate of the molybdate addition and mixing influenced the color de- 
velopment. The outflow time of the transfer pipette should therefore be 
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at least 40 seconds, and the unknowns and standards should be prepared in 
similar vessels (cf. p. 452). 

The time of outflow of Pyrex pipettes usually had to be increased, in 
order to meet the above requirements, by bringing the pipette tip to a red 
glow in the gas flame and, if shrunk too far, grinding the end on a earborun- 
dum stone. 

Measurement of Color Intensity 

Absorption curves of the process samples and of the filter used in the 
colorimetric readings are given in Fig. 1. 

Most of the colorimetric readings reported in this paper were made in a 
Lumetron colorimeter No. 402-E (Photovolt Corporation, New York). 


Tas_e III 
Estimates of Precision 
P = the phosphorus concentration in the color mixture; v = the volume of the 
mixture ;/ = the time of outflow of the molybdate; n = the number of the replicates; 
V = the coefficient of variation. 





Procedure P v é | n Vv 
| mg. perl. ml. | sec. | per cent 
Samples mixed in beakers; 3 readings | 0.08 25 60 12 0.25 
each, in 2 cm. deep Pyrex cell | 
As above, with 2 matched cells; 2 read- | 0.08 25 | 60 | 12 0.45 
ings each | | 
Samples mixed and read in 14.5 mm.| 0.2 | 5 37 | 10 0.50 
tube; 2 readings each 
As above, but 3 readings each | 0.04 | 5 57 | 10 0.95 














5 ml. volumes were mixed and read in 14.5 mm. tubes; satisfactory pre- 
cision was obtained down to 0.04 mg. of P per liter (see Table IIT). More 
dilute samples and reagent blanks were read in 2 to 5 cm. deep Pyrex cells. 

With the Klett-Summerson colorimeter, the precision of the readings was 
limited by the null-point sensitivity. The sensitivity was increased 
by using filters of greater over-all transmission, for instance Wratten No. 
61 (4). Slightly lower readings of the blank and phosphate samples were 
obtained with the latter than with the filter shown in Fig. 1. 


Estimates of Precision and Sources of Error 


Drift and Temperature Coefficient—The extinction readings obtained 10 
minutes after mixing, as well as the subsequent drift (increase with time), 
varied measurably with the temperature. Estimates of these effects, ob- 
tained with samples of 0.1 mg. of P per liter and averaged for three tempera- 
ture intervals, follow. 
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Temperature, °C.... 20-25 25-30 30-35 
Drift between 10 and 20 min. after mixing, %. 0.65 0.5 0.35 
Temperature coefficient of extinction (10 min. 


reading), % per degree. . 0.7 0.6 0.4 


Smaller drift than the above (0.4 per cent at 25°) and slightly lower 
temperature coefficient were observed with 5 week-old quinaldine red 
solutions. 

Double the above temperature coefficient, which approached the normal 
in a week, was observed when freshly prepared molybdate-sulfate was used, 

Dye Solution Varied in Amount—As noted before, the quinaldine red 
solution did not drain very well. The observed error in volume was not 
more than 1 per cent of the amount measured. In order to estimate its 
importance, the volume of the dye solution was varied (1.9 and 2.1 instead 
of 2.0 ml.) and the resulting change in extinction determined. 





| 


Per cent change in extinction 





Per cent change in amount of dye 











= 

= P= 0.04 mg. per liter P = 0.2mg. per liter 
—5 | +0.7 | +0.7 
+5 | +0.2 +0.5 





It appears from these results that the probable effect of the drainage 
error on the extinction is of the order of 0.1 per cent. 

Molybdate Solution Varied in Amount—A series of color mixtures was 
prepared in which the volume of the molybdate-sulfate was increased by 
2.6 per cent (from 1.007 to 1.033 ml.). The resulting average decrease in 
extinction was 1.6 per cent for the mixtures containing 0.04 mg. of P per 
liter and 1.3 per cent for the mixtures containing 0.2 mg. of P per liter. 

The use of a transfer pipette is specified in the procedure and the observed 
variation in the volume delivered from a 1 ml. pipette was not over 0.3 per 
cent. From the above results, the effect of such variation on the extine- 
tion is estimated at 0.1 to 0.2 per cent. 

Rate of Molybdate Addition—The extinction readings increased with the 
time of outflow of the molybdate-sulfate (Table IV); the increase was small 
after the latter reached 1 minute. The following results were obtained 
with 1 ml. pipettes of varying time of outflow. 

It appears from the above that changing the time of outflow from 50 to 
51 seconds would increase the extinction reading by about 0.1 per cent. 

Estimates of Precision—The colorimetric reading was subject to instru- 
mental and other errors whose estimated total was between 0.5 and 1 per 
cent, depending upon the color intensity and on the absorption vessel. 
In general, these errors appeared to be at least as large as the chemical 
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errors. Four of the experimental estimates of precision are given in Table 
Ill. In making the first one, the absorption cell and details of the proce- 
dure were chosen with a view to maximum accuracy of the extinction mea- 
surements. The third and fourth estimates are examples of the reproduci- 
bility possible in a series of rapid analyses performed in colorimeter tubes. 

Phosphate Concentration Limits; Aging of Dye Solution—More than a 
dozen quinaldine red solutions were prepared and tested, mostly in the 
range of 0.1 to 0.2 mg. of phosphorus per liter. The extinction coefficients 
obtained with three of the solutions (which contained gum arabic from the 
same source) over a 0 to 0.2 mg. per liter range are shown in Table II. The 
values obtained with the other solutions are in general agreement with 
those in Table IT. 

Calibration curves plotted from the above data depart measurably from 


TaBLe IV 
Effect of Rate of Molybdate Addition 





a 
Per cent increase in extinction 
Outflow time, increased a ee ew ee 
P = 0.04 mg. per liter P = 0.2 mg. per liter 


S€C. 


From 15 to 22 6.4 6.1 
= 9.5 i 

« 2 2 0.8 2.2 
“ a 3.4 4.3 





the straight line. The deviations are increased by subtracting the reagent 
blanks from the k values in Table II. 

The extinction coefficients declined, while the reagent blanks showed a 
definite increase, on aging of the dye solution. The daily change in the 
age interval of 1 to 3 weeks was too small to affect the reproducibility of 
readings extending over several hours. After 3 weeks, the downward trend 
in extinction readings of phosphorus concentrations below 0.1 mg. per liter 
became more rapid, and the values of A (cf. Table II) generally too large 
for accurate work. 

The aging of the dye solution was thought to result from gradual de- 
struction of the gum arabic. Other protectors were tried, and a more 
stable solution was obtained with Tween 20 (p. 457), which after 3 months 
gave approximately the same calibration curve as a week-old quinaldine 
red-gum arabic solution. 

The limitations of apparatus as well as chemical sources of error (de- 
viations from proportionality, reagent blank) fix the lower phosphorus 
concentration limit at 0.02 mg. per liter. For the upper limit, system- 
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atic studies were not made above 0.2 mg. per liter, although calibration 
corrections for 0.4 mg. per liter were determined occasionally and found 
to be about twice as large as those for 0.2 mg. per liter. 

Effect of pH Differences—The color intensity was strongly influenced by 
the pH of the sample-reagent mixture. Although the pH value of the mix- 


TaBLe V 
Interfering Substances 
Tolerance = the molarity corresponding to 0.5 per cent deviation of the extinction 
reading for 0.1 mg. per liter of P. The tolerance ratio = the tolerance divided by 


the molarity of phosphate. 


| 


| 


Substance pe me ha Tolerance Tolerance ratio 
moles per l. er 
Urea Not observed >0.01 > 3000 
NaCl Decrease 0.005 1700 
CaCl, - 0.003 1000 
Mg** (added as MgSO,) Increase 0.0012 400 
Glucose a 0.0010 300 
NaF Decrease 0.0005 170 
Lactic acid " 0.0002 70 
Fet**, added as FeNH,(SO,)2 Increase 0.00005 17 
NaSiO; 0.00002 7 
Citrie acid Decrease 0.000003 1 


ture mainly depended upon the added molybdate solution, the acid content 
of the sample was not without effect on the extinction reading. The follow- 
ing observations were made with the phosphate standards. 


pH changed by doubling content of sample in 


H:SO, CChCOOH 
pH change in phosphate sample 0.26 0.35 
m - ** color mixture (0.01)* 0.03 
Decrease in extinction, % 6.3 3.4 


* Calculated. 


The above pH differences are much greater than would be expected from 
volumetric errors and variations in alkalinity of the tissues and sera. The 
observed pH differences bet ween the standard and unknown solutions were 
not over 0.02 unit. Hence, the resulting errors in the extinction values 
probably did not exceed 0.5 per cent. 

The greatest inconvenience caused by pH effects was in the use of 
photometer cells with fused on windows (cf. p. 447). 

Interfering Substances—Protective colloids, for instance proteins and 
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peptones, retarded the development of color and decreased its intensity, 
although the amounts remaining in serum filtrates apparently did not inter- 
fere (cf. Table I). The presence of CCl;COOH in the filtrates increased 
the readings by about 10 per cent. To compensate for this, the phosphate 
standard contained an equal amount of the acid plus sufficient NazCO; to 
match the pH values of the filtrates. 

Some constituents of calcified tissues and serum filtrates and substances 
known to interfere in the molybdenum blue methods were tested for the 
effect on readings by the quinaldine red method, in 0.01 m or lower concen- 
trations. The observed tolerance levels (cf. Table V) were above the 
concentrations normally present in such samples, with the possible excep- 
tion of citric acid in serum. 

The tolerance level of citric acid was increased to 0.00001 m by making 
the molybdate-sulfate solution 0.4 m in H;BOs. 


Estimates of Accuracy; Checks against Molybdenum Blue 
Method 


A modification of Mueller’s amidol method (5) compared favorably with 
other molybdenum blue methods which were tested in that the readings 
were highly reproducible and stable and the effects of temperature and pH 
were small. The use of amidol as the reducing agent has been recom- 
mended by Allen (6) and others. Because of the lower sensitivity of the 
amidol method, undiluted serum filtrates were sampled, while the dissolved 
tissue samples were 20 times more concentrated than in the quinaldine red 
method. 

In the analyses by the quinaldine red method, 2 ml. samples of the calci- 
fied tissue solutions and diluted serum filtrates were processed and read in 
14.5 mm. tubes. Three samples of the unknowns and three to six samples 
of the standards were taken. 

The findings are presented in Table I. The divergence between the 
quinaldine red and molybdenum blue values averaged 1.0 per cent for the 
calcified tissue samples and 0.65 per cent for the serum unknowns. The 
differences can be accounted for by the previously discussed sources of 
error, errors of color measurement, and effects of pH differences and varia- 
tions in the amount of molybdate-sulfate in particular. The molybdenum 
blue values, it should be noted, were also subject to an uncertainty of the 
order of 0.5 per cent. 

Differences averaging 6 per cent have been reported when two molyb- 
denum blue methods were compared (7), one of which (1) was sensitive to 
pH and other chemical factors and the other (2) relatively insensitive. 
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DISCUSSION 
Development of Method; Possible Improvements 


The development of the quinaldine red method originated from tests of 
various basic dyes as precipitants of phosphomolybdic acid. Strongly 
colored precipitates were sometimes observed which settled very slowly, 
The possibility of direct colorimetric determination of the dye-phospho- 
molybdate complex thus suggested itself, a necessary condition being that 
the unchanged dye should not contribute to the extinction reading of the 
suspended precipitate. This condition was approached in the case of 
some indicator dyes which, in the usual acidity range for phosphomolyb- 
date formation (pH 0.6 to 1.0), were obtained in a colorless or weakly 
colored form. Quinaldine red appeared to be the most suitable one of the 
dyes tested. Triphenylmethane dyes, such as crystal violet and malachite 
green, also showed a color change in the presence of phosphomolybdic acid, 
but the extinction readings were subject to drifts and the blanks were high. 

The choice of pH (0.7) and of the molybdate and quinaldine red con- 
centrations was such as to permit high sensitivity, combined with a suff- 
ciently low blank. The reagent blank obtained as described under “‘Pro- 
cedure” exceeded slightly the sum of the extinction readings given by the 
molybdate solution and by the dye solution brought to pH 0.7 (the pK of 
the dye approximates 3.0 (8); hence at pH 0.7 about 0.5 per cent of the dye 
should be in the colored form). A solubilizer (gum arabic) was included 
in the dye solution because of the poor solubility of quinaldine red in cold 
water. Also, the color reaction for phosphate was improved in the pres- 
ence of suitable amounts of gum arabic, higher extinction values being 
obtained, and better proportionality to the phosphate concentration. 

The sensitivity of the method in its present form, expressed as the specific 
extinction coefficient, is 2.0 to 2.2 for 1 mg. of P per liter. Of the rapid 
color methods, those with stannous chloride as the reducing agent give 
values approaching the above, for instance 0.81 at 680 my, calculated from 
the data of Woods and Mellon (9). Extinction coefficients of 0.89 to 0.91 


per mg. of P per liter at 870 mu have been reported for a modified Fiske- 


Subbarow method, which includes heating the reaction mixture (10). 
If sensitivity is the main consideration, the method can be modified to 


increase it. For instance, an extinction coefficient of 2.65 for 1 mg. of P | 


per liter resulted when molybdate-perchlorate (5.7 gm. of ammonium 
molybdate and 150 ml. of 60 per cent HCI1O, per liter) was substituted for 
the molybdate-sulfate. The reagent blank remained lower than with 
molybdate-sulfate for 2 weeks, but a strong increase was observed after 
several months. Higher extinction coefficients were also obtained by in- 
creasing the concentration of the dye solution (with Aerosol IB as the ad- 
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ditional stabilizer) or the pH of the reaction mixture, but the reagent blanks 
were also increased thereby. 

Aside from higher sensitivity, the method presented in this paper com- 
pared favorably with Bodansky’s and similar methods, in that the readings 
and the reagents were more stable. The useful life of the dye solution has 
been extended by substituting 2 ml. of 1 per cent aqueous solution of Tween 
20 (polyoxyalkylene derivative of sorbitan monolaurate, obtained from the 
Atlas Powder Company) for the gum arabic in its preparation. After 3 
months, the blank showed only slight increase (k = 0.008), while the values 
of k for 0.02 and 0.2 mg. per liter were 0.043 and 0.451 respectively (com- 
pare with the values in Table IT). 

It has not yet been ascertained how much Tween 20 varies in its solubiliz- 
ing power, and the amount specified above may require modification with 
some batches of the Tween. Excess of the solubilizer is indicated by in- 
creased upward drifts in the extinction readings, while slight downward 
drifts usually are observed with insufficient solubilizer. 

The main drawbacks of the quinaldine red method are, from the writer’s 
viewpoint, the relatively large effects of pH and some interfering sub- 
stances. They limit the present use of the method to serum filtrates and 
to solutions in which phosphate is one of the main dissolved constituents. 
The means of reducing the above effects are being studied. 


SUMMARY 


A sensitive method is described for the colorimetric determination of 
inorganic phosphate in calcified tissues and serum filtrates over the con- 
centration range of 0.02 to 0.2 mg. of P per liter in the sample-reagent mix- 


ture. 
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STUDIES ON BODY COMPOSITION 


IV. USE OF RADIOACTIVE HYDROGEN FOR MEASUREMENT 
IN VIVO OF TOTAL BODY WATER* 


By NELLO PACE,t LEO KLINE, HOWARD K. SCHACHMAN, 
anp MORTON HARFENIST 


(From the Naval Medical Research Institute, Bethesda, Maryland) 
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(Received for publication, January 7, 1947) 


The total water content of the human has been estimated occasionally 
by the desiccation of cadavers (1); however, an in vivo method for the deter- 
mination of total body water is desirable and preferable in many appli- 
cations. Total body water has been demonstrated to be a_ relatively 
constant fraction, mean 73.2 per cent, of the fat-free body mass in normal 
adults of various species of mammals, and it has been suggested (2) that 
total body water of the normal, adult human may be estimated from 
measurement in vivo of total body fat by the specific gravity method and 
computation of the fat-free body mass (3, 4). This procedure is rather 
limited in usefulness, however, as aberrations in water balance cannot be 
detected. The bulk of the research has been directed toward finding a 
readily recognizable chemical entity which, when introduced into the body, 
will distribute itself equally in the total body water. Sulfanilamide was 
proposed (5, 6), but later rejected (7) because of unequal distribution in 
body tissues. Urea has been suggested (6, 8), but was rejected (9, 10) 
because of the variability in the formation of endogenous urea as well as 
unequal distribution. Thiourea has been tried (11)!, but rejected (12, 13) 
because of its unequal distribution. Potassium also was considered (14, 
15), but later was demonstrated (16, 17) to be distributed in the body po- 
tassium rather than in the body water. Methods involving the differen- 
tial solubility of inert gases in body fat and water have been consid- 
ered theoretically (18), but have not been verified experimentally. 

It is of interest that the first substance to be used for the measurement 
in vivo of total body water should have been the most successful. Hevesy 
and Hofer (19) in a short note described the use of deuterium oxide for this 
measurement in man in 1934. Since that time the technique has been uti- 


*The opinions and conclusions contained herein are those of the authors, and are 
not to be construed as necessarily reflecting the views or the endorsement of the 
Navy Department. 

+ Present address, Donner Laboratory of Medical Physics, University of Cali- 
fornia, Berkeley, California. 

‘Purple, M. R., and Lavietes, P. H., unpublished data quoted in (9). 
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lized for measurement of total body water in rats (20) and in guinea pigs | 


(21). Very recently it has been repeated in man (22). With the advent of 
radioactive hydrogen of mass 3, i.e., tritium (23), it appeared practicable 
to utilize tritiated water (HTO) for the measurement of total body water. 


Methods 


Preparation of HTO—Beryllium targets which had been subjected to 
deuteron bombardment in the cyclotron for neutron production were ob- 
tained through the courtesy of the Department of Terrestrial Magnetism, 
Carnegie Institution of Washington. These contained tritium formed by 
the reaction, Be? + D? — Be* + H® (24). The tritium was collected in 
the form of HTO by dissolving the beryllium target in 6 N HCl in a vacuum 
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Fic. 1. Apparatus for the collection of tritiated water from a beryllium cyclotron 
target. A, hydrogen generator; B, needle valves; C, electric furnace; D, storage 
bulb for hydrogen; Z, liquid air traps. 


system, passing the evolved hydrogen and tritium over copper oxide at 
550°, and collecting the water in a liquid air trap. The apparatus is shown 
schematically in Fig. 1. A more quantitative recovery of tritium was 
effected by this method than by heating the beryllium target to red heat 
in an atmosphere of hydrogen gas. With ordinary precautions, the water 
collected in the trap was found to be sufficiently sterile and pyrogen-free 
for intravenous injection in human subjects. In a typical case, a yield of 
approximately 2 ml. of water was obtained in this manner from a beryllium 
target 1 X 1 X '/y inches. The tritiated water was rinsed with sterile 
water into a vaccine bottle to a total volume of about 6 ml., and an aliquot 
was removed for activity measurement of the final stock solution. 
Measurement of HTO Activity—The maximum energy of the tritium 
8-ray has been reported to range from 0.0095 m.e.v. to 0.015 m.e.v. (25, 26). 
This low energy necessitates the employment of special means of counting. 
Water vapor at 1 to 2mm. of Hg pressure may be introduced into a Geiger- 
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Miller counter tube without interference with its performance; con- 
sequently, the activity of tritium may be measured in the form of HTO 
vapor (27, 28). Fig. 2 is a schematic representation of the vacuum system 
used for the measurement of water radioactivity in the vapor state. This 
system was a modification of that employed by Black and Taylor (29), 
and the operating procedure also was similar in some respects. The count- 
ing circuit was a high speed circuit constructed in this Institute, and was 
equipped with six scaling circuits ranging from 2 to 64. The counter 
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Fic. 2. Vacuum system for measuring water radioactivity. A, calcium chloride 
tube; B, Geiger-Miiller counter tube; C, manometer; D, manometer; FZ, storage bulb 
for argon; F, tube for inactive water; G, tube for radioactive water; H, tube for ethyl 
alcohol; J, low range McLeod gage; K, liquid air trap; L, high range McLeod gage; 
M, manometer for argon bulb. The figures refer to stop-cock numbers. 














HOUSE VACUUM 


tube (B) consisted of a copper window screen cathode 5 cm. in diameter 
and 30 cm. in length with a 10 mil tungsten wire anode, all sealed in a 
glass envelope with a total volume of approximately 1 liter. A lead shield 
about 2 inches thick was placed around the counter tube and served to 
reduce the background count to approximately one-half. The exchangeable 
test-tubes, (F), (@), and (H), contained inactive water, the unknown active 
water sample, and anhydrous ethy!] alcohol, respectively. After the tubes 
were affixed to the manifold, gas was removed from these solutions by 
freezing twice with liquid air and evacuating while frozen. The storage 
bulb (Z) was filled with dry argon through Stop-cock 14 to slightly less 
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than atmospheric pressure, as indicated on the attached open end manom- 
eter (M). A low range McLeod gage (J) was used to measure pressures 
of 0.1 micron to 0.1 mm. of Hg. The water vapor pressures of 0.4 mm. 
to 2.2 mm. of Hg introduced into the counter tube were measured on a 
high range McLeod gage (L), which operated on a compression factor of 
about 7.5. Closed end manometers (C) and (D) indicated pressures 
in the counter tube and manifold, respectively. 

In preparing for a count, the manifold and counter tube were evacuated 
to a pressure less than 0.3 micron. The system was tested for leaks by 
closing Stop-cocks 8 and 10 and measuring the pressure periodically by 
means of the McLeod gage (L). Water vapor from the radioactive sample 
(pure water or plasma) was then carefully introduced into the system 
through Stop-cock 6, care being taken that the vapor pressure did not 
greatly exceed 2 mm. of Hg by observing the manifold manometer (D). 
After diffusion equilibrium was reached, as indicated by constant read- 
ings on the McLeod gage (L), the temperature was recorded, Stop-cock 
2 was turned to close the counter tube, and the manifold was evacuated. 
Alcohol vapor was introduced by opening wide Stop-cock 7 and then slowly 
opening Stop-cock 2 to admit 2.5 em. of Hg of alcohol vapor into the 
counter tube, as indicated by a total pressure of 2.7 em. of Hg on the 
manometer (C). Stop-cocks 2 and 7 were closed, and the manifold again 
evacuated. Next, 2.0 cm. of Hg of argon were introduced into the counter 
tube in a similar fashion, making a total pressure of 4.7 cm. of Hg in the 
counter tube. Finally, the tube was permitted to stand for 10 minutes 
before counting was begun. 

The tube, filled as described above, had a plateau of 300 volts and was 
operated at 1400 volts, which corresponded to the mid-point. Three 
measurements of at least 20,000 counts each usually were made with each 
filling of the tube. Since it was found that the rate of counting increased 
somewhat during the first 20,000 counts and then leveled off, the mean of 
the second and third measurements was used. In 90 per cent of the deter- 
minations, these two counts were within 1.1 per cent of their mean. 

Background determinations were carried out in an identical manner 
with ordinary water substituted for the active water component. This 
method resulted in a reproducible mean background value of 3.58 counts 
per second, standard error of the mean (¢/+/N) + 0.03 c.p.s. Twenty- 
five individual background determinations were made during the course 
of the experiments to obtain thé mean value. 

Simple evacuation of the counter tube was insufficient to obtain a retum 
to normal background values following the use of active water samples; 
thus the tube was alternately evacuated and flushed eight times with 
inactive water vapor at about 17 mm. of Hg pressure, followed by a room 








| 





anom- 
ssures 
| mm. 
| on a 
tor of 
ssures 


‘uated 
ks by 
lly by 
ample 
ystem 
d not 
r (D). 
read- 
»-cock 
uated. 
slowly 
to the 
m the 
again 
oun ter 
in the 
inutes 


dd was 
Three 
n each 
reased 
ean of 
deter- 


janner 
This 
counts 


venty- | 
course 


return 
mples; 
; with 
1 room 














PACE, KLINE, SCHACHMAN, AND HARFENIST 463 


air rinse and reevacuation to 0.3 micron. This procedure was employed 
after each activity measurement. 

The actual activity of a given HTO solution was determined by making 
duplicate counts on at least four separate fillings of the counter tube 
containing different pressures of water vapor. The water vapor pressures 
were corrected to 0°, and a plot was made of the observed c.p.s. against 
the corrected pressure. The slope of the best line through these data, 
including the mean background value of 3.6 ¢.p.s., was determined by the 
method of least squares, and represents the c.p.s. per mm. of Hg of water 
vapor, corrected for background. A sample determination is illustrated 
by Table I. The standard error of estimate for all activity values obtained 


TABLE I[ 


Sample Method for Determination of Activity of HTO Solution Measured at Various 
Water Vapor Pressures 

















Vapor pressure, (X) | Second 20,000 counts Third 20,000 counts Mean activity, (Y) 
| | 
mm. Hg c.p-S. c.p.s. c.p.s. 
0.0 | 3.6 
0.40 25.2 26.5 25.8 
0.55 33.8 34.1 | 34.0 
0.97 56.6 57.5 57.0 
1.07 60.9 60.7 60.8 





Y = 3.85 + 54.2X (method of least squares). cy = +0.59 c.p.s. 


by this method in the present experiments ranged from +1.1 per cent to 
+5.8 per cent of the slope value, and the mean standard error was +3.7 
per cent. Because the volume of the counter tube was constant, values 
of activity expressed in this fashion are directly proportional to the con- 
centration of HTO in the water sample being measured, and may be used 
as such without further conversion. The long half life of tritium, 31 years 
(26), eliminated the need for decay correction during the course of the 
experiments. 


EXPERIMENTAL 


Approximately 1 ml. of tritiated water was prepared from a beryllium 
target, 1.9 K 1.9 X 0.08 cm., which had received 20 hours of bombard- 
ment in a 25 m.e.v. deuteron beam. A 1:1000 dilution of the sample was 
found to have an activity of 15.3 ¢.p.s. per mm. Assuming a counting 
efficiency of at least 70 per cent from the geometry of the system, this 
activity corresponds to an absolute value of approximately 2 X 10? ¢.p.s. 
per ml. of the original sample. 
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A standard solution of HTO was prepared with an activity of 542 
c.p.s. per mm. (Table I). Dilutions of 1:2 and 1:10 of the standard 
with inactive water also were prepared, and the activity of each was 
measured. In Fig. 3 the activity is plotted against the relative HTO 
concentration expressed as a fraction of the concentration of the standard 
solution. The straight line relationship is taken as evidence of the validity 
of the method over the count range shown. It was found that the linearity 
fell off when samples possessing an activity higher than 60 ¢.p.s. were 
employed. For this reason highly active samples were measured by 
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Fic. 3. Relationship of counts observed to the relative concentration of HTO 


in inactive water. The activity of the three solutions was measured by making counts | 


in each case on at least five separate fillings of the counter tube containing different 
pressures of water vapor, and taking the slope value of these five points as the activity 
of the solution. 


aliquot dilution to a suitable range. The deviation from a straight line 
also occurred when water vapor pressure in excess of 2 to 3 mm. of Hg 
was used in the counter tube. 

A stock solution prepared from another target was found, by aliquot 
dilution, to contain 2128 ¢.p.s. per mm. Two adult male rabbits were 
fasted, with drinking water ad libitum, for 24 hours preceding the exper- 
ment. Rabbit A received 5.09 ml. of the stock solution from a calibrated 
syringe directly into the blood stream by an ear vein at the rate of 1 ml. 
per 15 seconds. Blood samples were withdrawn by heart puncture into 
centrifuge tubes containing heparin at intervals of 21, 58, and 132 minutes 
following the injection. The plasma was separated and stored in the frozen 
state for subsequent activity measurement. Rabbit B received 1.96 ml. 
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of the stock solution, and blood samples were withdrawn at intervals of 
33 and 61 minutes in like manner. 

As shown in Table II, calculations were made of the total body water 
content, following the measurement of the plasma tritium activity. The 
simple formula, A; X V; = Az X V2, was used for this purpose. A, 
is the activity of tritium, expressed as c.p.s. per mm., in the stock solution, 
V; is the volume in ml. of the stock solution injected, A: is the activity’ 
of tritium in a body fluid, e.g., plasma or urine, after equilibrium has been 
established, and V; is the volume in ml. of body water. V2 may be convert- 
ed to units of weight by multiplying by the density of water at 38°, 0.993, 
and may then be expressed as a fraction of the total body weight. Total 
body weight of the rabbits was taken as the depilated weight. 

Total body water was also estimated on the basis of a constant fraction, 
73.2 per cent, of the lean body mass, after measurement of the total body 








TaBLe II 

Activity of Stock Solutions of HTO Injected into Rabbits and Human Subjects 
Stock solution Dilution HTO activity | HTO activity Volume Total HTO 
employed factor measured of stoc injected injected 

c.p.s. permm. | ¢.p.s. per mm. ml, c.p.s. 
RS (Rabbit A) 312.5 6.81 2,128 5.09 10,832 
=. ™ B) 312.5 6.81 2,128 1.96 4,171 
ES (human) 5000 6.08 30,400 5.09 154,736 




















fat by the body specific gravity method (2). Specific gravities of 1.040 
and 1.047 of the eviscerated carcasses were obtained for Rabbits A and B, 
respectively. These correspond to'fat contents of 29.1 and 25.3 per cent 
of the total body weight. The total body water estimates by this method 
are shown in Table III. 

Finally, total body water of the rabbits was measured by the weight 
change during desiccation. The two animals were dissected into small 
pieces, care being taken to avoid tissue loss in the process, and placed in 
flat pans. The tissue was dried in a hot air blast oven at 90° for 13 days, 
and weighed at intervals during this period. After 7 days, weight loss 
occurred at a very slow constant rate, increasing from the 7th to the 13th 
day by less than 1 per cent of the total weight loss; consequently, the 
weight loss after 7 days of drying was arbitrarily assumed to represent 
the total body water. Total body water estimates by this procedure 
are included in Table III. 

A stock solution of HTO of high specific activity was prepared from 
a beryllium target which had received more than 100 hours of bombard- 
ment. After removal of an aliquot for activity measurement, 5.09 ml. 
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of the solution were introduced in the antecubital vein of a 19 year-old 
normal male human subject, 184 em. tall and weighing 70.78 kilos. At 
intervals of 30 minutes and 1, 2, and 3 hours, blood samples were withdrawn 
from the antecubital vein and the plasma was stored for tritium activity 
measurement. Total body water content was calculated from these meas- 
urements, and the results are given in Table III. The body specific 


gravity of the subject was found to be 1.077, corresponding to 11.0 per | 


cent total body fat. Total body water content calculated from these data 
is also given in Table III. 


TABLE III 
Estimation of Total Body Water by Various Methods in Rabbit and Human 



































| . | Plasma Total Total | Total 
Subject Method | HTD fehection activity | A. J ry = 
= 1 = ns en : ae + Seeicdead nimi 
| | as. | wim [See] we | £1 & 
Rabbit A | Desiceation —_—| | | 8.502 55.5 
Sp. gr. | 3.502 | 29.1 | 51.9 
HTO dilution | 0 | 21 | 5.80] 3.502 52.9 
wa | 0 | 58 | 5.37] 3.502 57.2 
“4 | 2 | 12 | 5.64] 3.502 | 54.5 
Rabbit B Desiccation | 2.881 55.9 
| Sp. gr. 2.881 | 25.3 | 54.7 
HTO dilution | 0 33 | 2.42] 2.881 | | 59.4 
o 4 | 2 | 1 | 2.51] 2.881 | | 57.3 
Human | Sp. gr. | 70.78 11.0 | 65.2 
| HTO dilution, | 0 | 30 | 3.02 | 70.78 71.9 
} oo“ a 1 | 00 | 3.49 | 70.78 | 62.2 
oo 4 | 2 | 00 | 3.21 | 70.78 | | 67.6 
= - 3 00 3.40 70.78 | 64.3 
DISCUSSION 


From the data in Table III it appears that tritiated water may be used 
for the estimation of total body water within 10 per cent of the true value, 
an error comparable with that in the deuterium oxide method. Much 
of the error is probably attributable to the uncertainty in the measurement 
of activities of } to 2 times background value, which was unavoidable in 
the present instance. The anticipated availability of tritiated water of 


higher specific activity and improvements in the technique of measure- 


ment of tritium activity may be expected to lessen the error considerably. 


The time for the bulk of the HTO to reach equilibrium with the body | 


water in man after intravenous injection is apparently close to 1 hour. 
This agrees well with the time for equilibration of D,O found by Moore 
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(22), and may be compared with the value of 2} hours found by Hevesy 
and Hofer (19) when D,O was taken by mouth. Equilibration time was 
apparently shorter in the case of the rabbits, and is estimated to be not 
over 30 minutes. Flexner et al. (21) found that equilibrium in the guinea 
pig, following injection of D,O, was practically completely established 
in 10 to 12 minutes. It would appear then that the rate of equilibration 
in the various mammals is related to body size. 

The value for total body water of the human subject, by HTO dilution 
and by taking the mean of the 1, 2, and 3 hour determinations (Table I11), 
was 64.7 per cent of the body weight. The total body water value cal- 
culated as 73.2 per cent of the lean body mass of this subject was found 
to be 65.2 per cent of the total body weight, thus providing further sub- 
stantiation for the concept of the relative constancy of the water content 
of the lean body mass of the normal adult mammals (2). For their sub- 
ject, Hevesy and Hofer (19) found a value of 63 per cent for total body 
water, which is likewise in accord with generally accepted values. On 
the other hand, Moore (22) obtained a relatively high value of 72.5 per 
cent for the total body water of his subject who, although apparently 
quite lean, did not appear abnormally lean from the height and weight 
data given. A somewhat high value of total body water of 67.85 per cent 
was also reported by Mitchell e¢ al. (1) on a cadaver whose water content 
was measured by desiccation. 

It will bear reiteration that variation in body fat content is sufficiently 
large to cause appreciable differences in the values of other body compo- 
nents when these are referred to total body weight. For example, the body 
water content may vary from 50 per cent in obese individuals to 70 per 
cent of the total body weight in lean individuals, and yet the water content 
may be a constant fraction of the fat-free body mass. For this reason, 
measurements of total body water should be accompanied by an estimate 
of total body fat whenever a comparison of values for individuals is made. 


Appreciation is expressed to the following for assistance in the course 
of this work, which was thereby materially aided: Mr. D. B. Cowie and 
the cyclotron crew of the Department of Terrestrial Magnetism, Carne- 
gie Institution of Washington, for provision of the tritium and many 
valuable suggestions on technique, Lieutenant M. Eicher, H(S), U.S. N. R., 
of this Institute for construction of the counting circuit, and Mr. A. D. 
Mack for considerable assistance in the design and construction of the 
vacuum systems. 

SUMMARY 

1. Methods are described for the preparation of water containing the 

radioactive isotope of hydrogen, tritium, and for the determination of 








468 BODY COMPOSITION. IV 


tritium activity in the form of water vapor from tritiated water and body 
fluids. 

2. Total body water was estimated in two rabbits and a human by diiu- 
tion of tritiated water administered intravenously. The results agreed 
well in the case of the rabbits with the water content determined by des- 
iccation of the carcasses, and the water content calculated as 73.2 per 
cent of the lean body mass after measurement of total body fat by the 
specific gravity technique. In the case of the human, very good agree. 
ment was also obtained between the results from the tritium dilution 
method and the body specific gravity method. 

3. Less than 30 minutes were required for essentially complete distri- 
bution of the tritiated water in the body water of the rabbits, and approxi- 
mately 1 hour for the human. Consideration of these data and those of 
other investigators with deuterium oxide indicates a relationship between 
body size and rate of equilibration. 

4. The tritium method at present appears to yield results with an accu- 
racy as good as that obtaining by the use of deuterium, and greater accuracy 
is expected with improvements in technique and the forthcoming availa- 


bility of tritium of higher specific activity. 


BIBLIOGRAPHY 


1. Mitchell, H. H., Hamilton, T. S., Steggerda, F. R., and Bean, H. W., J. Biol. 
Chem., 158, 625 (1945). 

2. Pace, N., and Rathbun, E. N., J. Biol. Chem., 168, 685 (1945). 

3. Behnke, A. R., Feen, B. G., and Welham, W.C., J. Am. Med. Assn., 118, 495 (1942). 

4. Rathbun, E. N., and Pace, N., J. Biol. Chem., 168, 667 (1945). 

5. Marshall, E. K., Emerson, K.,and Cutting, W.C.,J.Pharmacol.and Exp. Therap., 
61, 196 (1937). 

6. Painter, E. E., Am. J. Physiol., 129, 744 (1940). 

7. Sise, H.S., Proc. Soc. Exp. Biol. and Med., 40, 451 (1939). 

8. Lavietes, P.H., D’Esopo, L. M., and Harrison, H. E., J. Clin. Invest.; 14, 251 (1935). 

9. Peters, J. P., Harvey Lectures, 33, 112 (1937-38). 

10. Ralls, J. O., J. Biol. Chem., 151, 529 (1943). 

11. Danowski, T. 8., J. Biol. Chem., 162, 207 (1944). 

12. Chesley, L. C., J. Clin. Invest., 23, 856 (1944). 

13. Williams, R. H., and Kay, G. A., Am. J. Physiol., 143, 715 (1945). 

14. Bourdillon, J., Am. J. Physiol., 120, 411 (1937). 

15. Winkler, A. W., and Smith, P. K., J. Biol. Chem., 124, 589 (1938). 

16. Greenberg, D. M., Joseph, M., Cohn, W. E., and Tufts, E. V., Science, 87, 438 
(1938). 

7. Noonan, T. R., Fenn, W. O., and Haege, L., Am. J. Physiol., 182, 474 (1941). 

18. Pace, N., Research project X-191, Report No. 4, Naval Medical Research Insti- 
tute, Sept. 25 (1945). 

19. Hevesy, G., and Hofer, E., Nature, 134, 879 (1934). 

20. McDougall, E. J., Verzar, F., Erlenmeyer, H., and Gaertner, H., Nature, 1%, 


1006 (1934). 


| 


tS BS BO BD BO FS BS BS BS 





d body 


y dilu- 
agreed 
by des- 
3.2 per 
by the 


agree- 
lilution 


distri- 
pproxi- 
hose of 
etween 


n accu- 


curacy 
availa- 


J. Biol. 
» (1942). 


"herap., 


| (1935). 


87, 438 


(941). 
n Insti- 


re, 134, 





BRNRRE BE 


PACE, KLINE, SCHACHMAN, AND HARFENIST 469 


. Flexner, L. B., Gellhorn, A., and Merrell, M., J. Biol. Chem., 144, 35 (1942). 


Moore, F. D., Science, 104, 157 (1946). 
Alvarez, L. W., and Cornog, R., Phys. Rev., 56, 613 (1939). 


. O’Neal, R. D., and Goldhaber, M., Phys. Rev., 67, 1086 (1940). 


Brown, 8. C., Phys. Rev., 59, 687 (1941). 


. O'Neal, R. D., and Goldhaber, M., Phys. Rev., 68, 574 (1940). 

. Cornog, R., and Libby, W. F., Phys. Rev., 59, 1046 (1941). 

. Allen, M. B., and Ruben, S., J. Am. Chem. Soc., 64, 948 (1942). 
. Black, J. F., and Taylor, H.8., J. Chem. Phys., 11, 395 (1943). 

















METABOLISM OF STEROIDS BY TISSUES 


I. DETERMINATION OF TESTOSTERONE AND RELATED STEROIDS 
IN TISSUE EXTRACTS* 


By LEO T. SAMUELS 


(From the Department of Biochemistry, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, December 4, 1946) 


Since the steroid hormones are formed in, act upon, and are metabolized 
by animal tissues, methods by which these compounds could be determined 
in tissue extracts would enable the investigator to study their metabolism. 
By the method of preparation of tissue extracts to be described, testosterone, 
androsterone, and other neutral keto steroids can be recovered quanti- 
tatively in sufficient purity to enable various colorimetric and spectro- 
photometric methods to be applied. In our laboratory the method has been 
particularly applied to tissues incubated with added hormone, and the 
description of procedure is based on such a preparation. By suitable 
modification of the preliminary procedure, the method has been applied to 
blood and perfusing fluids. The three essential steps are (a) the removal 
of most of the protein, (b) chromatographic adsorption, (c) distribution 
between immiscible solvents. 

Method 


The method as finally developed is as follows. The minced tissue in 
the incubating fluid is boiled under a reflux for 20 minutes to destroy all 
enzymic action and to coagulate protein. The flask containing the mixture 
is cooled in a cold water bath while still attached to the condenser, and the 
condenser is washed down with a small amount of ethanol. This is 
followed by a larger amount of ethyl ether. When the volume of the 
original mixture is 25 cc., 2 ec. of ethanol and 15 cc. of ether have proved 
satisfactory. 

The aqueous layer is now thoroughly extracted with ether. The ordinary 
continuous liquid extractors have not proved satisfactory because the tissue 
mass is not broken up. Instead we have used a discontinuous method. 
The aqueous-ether mixture is poured quantitatively into a centrifuge tube, 
the capacity of which is at least 3 times the volume of the original aqueous 
suspension. For the 25 cc. portions already mentioned 80 to 100 ce. centri- 
fuge tubes are suitable. The ether, tissue, and water are then thoroughly 


_ * This work was supported by grants from Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, and from the Rockefeller Foundation. 
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mixed together by a stirring motor or by a rapid up and down motion of a 
stirrer for 2 minutes. 

After stirring, the tubes are centrifuged to break the emulsion, and the 
ether layer is blown off into an Erlenmeyer flask with a ground glass joint, 
The extraction is then repeated four additional times. 

The combined ether extracts are evaporated to dryness in the giass- 
jointed flask. To the residue 20 cc. of redistilled pentane (Skellysolve A) 
are now added and the flask is stoppered with a glass stopper and allowed to 
stand 4 hours at room temperature or overnight in the refrigerator. This 
standing is important, as the hormones have only a low solubility in pentane 
and dissolve slowly. 

A chromatographic column is now prepared with Baker and Adamson’s 
aluminum oxide, reagent grade ignited. Merck’s aluminum oxide, accord- 
ing to Brockmann, is too retentive. The column of aluminum oxide is 10 
mm. in diameter and 50 mm. long. It is packed by gentle tapping while 
being filled. A small plug of Corning glass wool is used at the bottom 
of the column. 

The following solutions are then passed through the column and collected 
as indicated, care being taken not to let any air enter the column between 
fractions: 10 cc. of pentane, 20 cc. of pentane solution of sample, 30 ce. 
of pentane, 15 cc. of 10 per cent CHCl; in pentane, 75 cc. of 25 per cent 
CHC}, in pentane, 50 cc. of CHCl, collected as the discard, Fraction A, 
Fraction A, Fraction B, Fraction C, Fraction D, respectively. Fraction 
C contains the hormones mentioned, but Fractions B and D are usually 
checked if any new tissue or hormone is being studied or a new batch of 
aluminum oxide is being tested. 

Fraction C is now evaporated to dryness, redissolved, and rinsed into a 
separatory funnel with 20 cc. of pentane or petroleum ether and 20 cc. of 70 
per cent ethanol in water. The two layers are shaken together and the 
alcohol layer is drawn off and saved. The pentane layer is again extracted 
with 15 cc. of 70 per cent ethanol and the ethanol layer combined with the 
previous portion (1). The pentane is now discarded. 

The combined 70 per cent ethanol layers are now transferred to a 
separatory funnel; 15 cc. of water are added, and the solution extracted with 
three 15 cc. portions of CHCl;. The chloroform extract is then evaporated 
to dryness. This step can be eliminated if it is more convenient to evapo- 


rate the 70 per cent ethanol solution to dryness at 50°undera vacuum. The | 


ethanol and water cannot be evaporated on the steam bath at atmospheric 
pressure, however, without loss of some testosterone. 

The material so prepared usually is colorless and semi-crystalline. It 
can be dissolved in ethanol or other suitable solvent and used in methods 
involving concentrated sulfuric acid such as the Koenig and Samuels (2) 
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method for testosterone, or, with strong base, as in the modified Zimmer- 
mann reaction (3). It will also give good curves in the ultraviolet 
region of the spectrum. 


DISCUSSLON 


The over-all recoveries with hormone plus boiled tissue are given in 
Tables I and II. The tissues were minced and washed into a 125 ce. 
Erlenmeyer flask in which the hormone was dissolved in 0.15 ec. of ethanol. 











TaBLe I 
Recovery of Various Steroids from Liver Extracts* 
Steroid Amomt come ~~ 9 
(ultraviolet)t | (colorimetric) 
7 7 7 
Testosterone 200 202 201t 
= 200 195 216t 
“ee 400 386 
“e 400 385 
“ 400 402 402t 
400 398 401f 
Methyltestosterone 200 197 
Progesterone 200 212 
+ 200 197 
- 400 395 
Testosterone diethylaminoethyl carbonate 300 289 269 
hydrochloride 
Mixture of testosterone 200 199 197t 
+ androsterone 400 367§ 











*Enzymic action of the tissue suspension was stopped by boiling immediately 
after the introduction of the steroid. 

t Based on the absorption band at 238 my, due to a,8-unsaturated ketone. De- 
termination made on a Beckman spectrophotometer. 

t Determined by the colorimetric reaction of Koenig et al. (2). 

§ Determined by the Callow modification of the Zimmermann reaction (3). 


Usually 25 ec. of Locke’s solution were used to wash in the tissue. The 
mixture was then brought to a boil to stop enzymic action on the hormone. 
The extraction was carried out as described. 

The greatest problem in applying steroid reactions to tissue extracts is 
that the other lipides also give colors with the strong reagents used, or 
absorb in the ultraviolet spectrum. Unsaturated aliphatic compounds are 
particularly bad. Neither partition between 70 per cent ethanol and 
pentane nor chromatography alone yielded sufficiently pure extracts, but a 
combination of the two was effective. 


pink, 
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The sequence must be chromatography, followed by partition, rather than 
vice versa. Attempts to reverse the order always resulted in significant 
amounts of interfering lipides. The chromatographic column apparently 
removes some substance which affects the partition; either this or a certain 
amount of lipide material is heldan the column, even when the total fat 
is lowered by carrying out the partition first, and this is always washed 
through in subsequent fractions. 

Obviously in using any new steroid its distribution in the chromatographic 
eluates must be determined before the method is applied. The fractions 
described are sufficiently coarse to yield testosterone, androsterone, pro- 


TABLE II 
Recovery of Added Testosterone from Extracts of Tissue Boiled in Locke’s Solution, 
Estimation by Koenig Colorimetric Method 


Amount recovered 








Tissue | Weight (200 y added) | Recovered 

gm. Y per cent 
Rabbit liver | 1.15 200 100.0 
as ss 1.17 210 105.0 
uterus 0.71 192 96.0 
“ se 0.92 215 107.5 
Mouse tumor 0.705 196 98.0 
“s ss 0.610 144 72.0 
se “6 0.626 210 105.0 
** liver | 0.510 | 188 94.0 
eo 4 | 0.420 | 192 96.0 
o 4 0.506 206 103.0 
Rat liver 1.47 | 184 92.0 
46 1.28 187 93.5 
“ 1.14 | 201 100.5 
“ 0.825 | 187 93.5 








gesterone, and similar compounds in the 25 per cent chloroform fraction. 
Other steroids may come out in the other fractions, however. One may 
wish to fractionate the steroids further on the column. This can be done 
by using smaller increments of chloroform. The procedure used here was 
best adapted for our particular studies, but a wide range of variations in 
this step may be used. 


SUMMARY 


A method of extraction has been described whereby steroid hormones 
may be isolated from tissues in suffident purity to permit the application 
of various steroid reactions involving strong reagents. The basis of the 
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method is a chromatographic separation followed by partition between 70 
per cent ethanol and pentane or petroleum ether. Recoveries are within 
the limits of error of the techniques of estimation used. 


BIBLIOGRAPHY 
1. Gallagher, T. F., and Koch, F. C., J. Biol. Chem., 84, 495 (1929). 
2. Koenig, V. L., Melzer, F., Szego, C. M., and Samuels, L. T., J. Biol. Chem., 141, 


487 (1941). 
3. Callow, N. H., Callow, R. K., and Emmens, C. W., Biochem. J., 32, 1312 (1938). 
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II. THE ENZYMIC DESTRUCTION OF TESTOSTERONE 
BY LIVER TISSUE* 


By LEO T. SAMUELS, CARLEY McCAULAY, ann DOROTHY M. SELLERS 


(From the Department of Biochemistry, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, December 4, 1946) 


The mechanisms whereby testosterone is inactivated in tissues have been 
the subject of considerable speculation, but little direct information has 
been obtained. Advantage was taken of a method of isolation of steroids 
from tissue extracts (1) together with a relatively specific color reaction 
(2) and ultraviolet absorption to study the reaction of liver mince with 
testosterone. 

Biskind (3) has demonstrated by implantation experiments that testos- 
terone is inactivated by the liver. In rats suffering from a deficiency of 
the vitamin B complex, the livers were still able to destroy this hormone 
but not estrogen (4). Danby (5) reported that male hormone added to 
blood largely disappeared during perfusion through dog livers or cow 
kidneys. She did not observe any destruction when testosterone, andros- 
terone, or dehydroandrosterone was incubated with liver or kidney pulp 
in vitro. Here again the destruction of testosterone appears to differ from 
that of estrogens; Zondek (6) reported that even dried powders and cell-free 
extracts of liver destroyed the latter. Thus the evidence for enzymic 
destruction of the androgens is definitely less satisfactory than for the 
estrogens. In the case of the androgenic hormones the evidence has been 
based on biological assay and cannot be interpreted chemically. 


EXPERIMENTAL 


Animals which furnished the tissue for these studies were decapitated 
with a heavy sharp knife and allowed to bleed freely, The tissues were 
then removed and quickly minced with an instrument made up of a series 
of safety razor blades separated by 0.20 mm. dividers. Samples of human 
liver were obtained by biopsy during abdominal operations and were minced 
as soon as possible thereafter. The minced tissue was weighed immediately 
and washed into a flask with the buffer solution to be used. The composi- 
tion of the buffer solution was as follows: KC] 0.0056 m, MgCl, 0.0021 m, 
NaCl 0.08 m, NazHPO, + NaH;PO, buffer, pH 7.4, 0.04 m, glucose 0.1 
per cent. 


* This work was supported by grants from Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, and from the Rockefeller Foundation. 
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If an inhibitor was used, an equivalent amount of sodium chloride was 
eliminated. The solutions were adjusted to pH 7.3 to 7.4. 

After the mince was washed in, the flask was immediately closed with a 
glass stopper and placed in a revolving agitator within a constant temper- 
ature bath at 38.5°. 5 minutes were allowed for the tissue suspension to 
come to temperature equilibrium, incubation time being computed as 
beginning after this interval. At the end of the incubation the solution 
in the flask was quickly brought to a boil and refluxed for 20 minutes, 
The procedure already described (1) was then used for extracting the tissues, 
The final residue was dissolved in 2.00 ec. of absolute ethanol for analysis, 

For determination of testosterone, 0.4 cc. of the alcohol solution was 
used. The procedure was that described by Koenig ef al. (2) with the 
following modification: a heating time of 6 minutes at 70° was substituted 
for the first 2 minutes of heating at the temperature of boiling water. 

To measure 17-ketosteroids, the Zimmermann reaction was carried out 
on 0.2 ee. of the alcoholic solution by the method of Callow (7). 

The ultraviolet absorption spectrum was determined in absolute ethanol 
with the Beckman spectrophotometer. Ordinarily 0.4 ec. of the alcoholic 
solution was used with 3 cc. of ethanol. The absorption band at 238 my 
due to the a,6-unsaturated ketonic group was used for the determination. 

To determine whether conjugation was the major route of inactivation, 
two hydrolytic procedures were used at different times. To some of the 
early samples 6 ce. of concentrated hydrochloric acid were added before 
refluxing for 20 minutes. The extraction was then carried out from the 2.3 
N acid solution. 

In a later experiment all samples were extracted by the regular procedure. 
To the aqueous suspensions after extraction, however, either sulfuric acid 
was added to a concentration of 1.4 N or sodium hydroxide to 0.1 N. The 
solutions were then allowed to stand at room temperature for 16 hours 
and reextracted. This extract was then carried through the usual analytical 
procedure. 


Results 


Effects of Different Tissues—The results of the aerobic incubation of 
testosterone with minced liver tissue from four different species (rat, 
rabbit, mouse, and human) are given in Table I. The rate of destruction 
varied between different livers, but the range was about the same among 
the different species. The animals used were all adults and apparently in 
good health. The rats and mice had been on a diet of Purina fox chow for 
at least 1 month, but their ages varied. 

Recoveries from rabbit uterus, rat prostate and seminal vesicle, and mouse 
mammary carcinoma are also tabulated in Table II. These tissues did not 
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change the testosterone molecule sufficiently to be measurable by the 
methods used. 


TaBLe I 


Rate of Destruction of Testosterone by Individual Livers of Different Species 





per gm. per hr. 
































Rat Mouse Rabbit Human 
157 160 171 222 (M.) 
121 221 184 236 (40 yrs., M.) 
175 127 194 109 (45 ‘© “ ) 
149 159 fo: Be 
116 102 125 (34 “ F.) 
218 297 
203 194 
311 
TaBLe II 
Testosterone Not Significantly Destroyed by Tissues of Secondary Sex Organs 
Testosterone 
Tissue Condition | Weight | Testosterone "Roca, | Recovered 
method) 
— gm. mg. mg. per cent 
Rabbit Uterus 1 Living 0.735 0.200 0.192 96.0 
" wii 1 - 0.460 0.200 0.190 95.0 
ss " 1 Boiled 0.410 0.200 0.202 101.0 
6 - @ Living 0.44 0.200 0.194 97.0 
“ “« 4g ” 1.41 0.200 0.197 98.5 
oe eo Boiled 0.71 0.200 0.192 96.0 
na ee - 0.92 0.200 0.215 107.5 
Rat prostate Living 0.225 0.300 0.293 97.7 
“6 as ™ 0.165 0.300 0.292 97.3 
‘* seminal vesicle - 0.510 0.300 0.275 91.7 
as ” - 2 0.570 0.300 0.301 100.3 
Mouse mammary tumor a 0.626 0.200 0.210 105.0 
“ " - 6 0.893 0.200 0.204 102.0 
és * ' | Boiled 0.705 0.200 0.196 98.0 

















The Zimmermann reaction was run on all the samples and was negative. 


Evidence of Enzymic Character of Reaction—The reaction between liver 
mince and testosterone was found to depend on an oxidative enzyme system. 
Table III illustrates the comparative effect of various inhibitors. An 
atmosphere of nitrogen, the presence of 0.01 m cyanide, 0.05 m iodoacetate, 
0.05 m fluoride, or M/15 malonate all partially inhibited the reaction, as 


oO 
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measured by both analytical methods. Boiling for as little as 30 seconds 
inhibited the reaction completely. The reaction therefore depends on an 
energy-yielding oxidative system apparently involving metals, sulfhydryl 
enzymes, and some portion of the Krebs cycle. 


Tase III 
Effect of Enzyme Inhibitors on Ability of Liver to Destroy Testosterone 


0.200 mg. of testosterone was added to each sample incubated. 





} } | 

















Liver Inhibitor | ™_ cesnoems 4 e yo Inhibition 
mg. | mg. per gm. per hr. per cent 
Rabbit (4)* None 0.058 | 0.190 0 
(0.050-0.066) | (0.176-0.218) 
“ (2) Boiled 0.207 | oO 100 * 
(0.195-0.218) | 
s 0.05 m iodoacetate | 0.166 0.058 69 
(0.164-0.167) | (0.056-0.060) 
ss @ None 0.068 0.184 0 
(0.053-0.082) | (0.164-0.211) 
“ (3) Boiled 0.205 | 0 100 
(0.202-0.208) | 
“ (1) 0.01 m NaCN 0.149 | 0.084 54 
“ (2) None 0.028 | 0.169 0 
(0.024-0.031) | (0. 162-0. 180) 
= (2) Boiled 0.205 0 100 
(0.200-0.210) | 
“ (3) 0.01 aw KCN 0.089 | 0.081 53 
(0.081-0.097) | (0.072-0.087) 
Rat = (3) None 0.140 | 0.083 0 
(0.130-0.148) | (0.074-0.093) | 
“ ) Boiled 0.200 i) 100 
“ (3) N: 0.181 | 0.026 69 
(0.166-0.193) | (0.012-0.042) | 
as (3) 0.05 m NaF 0.163 | 0.051 39 
(0.156-0.176) | (0.043-0.064) | 
a (3) M/15 Na malonate 0.170 | 0.042 | 49 
(0.157-0.178) | (0.037-0.052) | 








* The numbers in parentheses indicate the number of samples incubated. 





As illustrated in Table IV, attempts to prepare an active suspension in 
which cellular organization was largely destroyed were unsuccessful. 
Disintegration of the tissue in the Waring blendor led to inactivation, even 
though carried out at 0-5° and incubated subsequently with all phases 
present. 

Evidence against Conjugation—To determine whether a compound was 
formed similar to androsterone sulfate isolated from human male urine by 
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Munson, Gallagher, and Koch (8) or sodium pregnanediol glucuronidate, 
isolated from normal and pregnant women’s urine by Venning and Browne 
(9), hydrolytic procedures were carried out. 

When hydrolysis was carried out on the crude material immediately after 
incubation, there was a loss from all samples; recovery from tissue boiled 
before enzyme action could take place was 62.5 to 68 per cent of the 
hormone added. Apparently the compound was partially destroyed by 























TaBLe IV 
Effect of Disintegration in Waring Blendor on Ability of Liver Tissue to Destroy 
Testosterone 
Testosterone recovered 
Testos- 
Liver Weight Treatment penny —_ — 7 
| added | Koenig | absorp- | AV&™ | stroyed 
tion age 
spectrum 
meg. 
gm. mg. mg. mg. mg. om. a9 per cent 
Rabbit 1.056} Waring blendor, }0.200 | 0.156 | 0.155 |0.156 |0.042 
5°; under Nz 78.3 
ag 1.056 — ” 0.200 0.160 0.038 
“ boiled | 1.056 = - 0.200 0.204 100 
= 0.650} Mince 0.200 | 0.044 | 0.082 |0.063 (0.211 
a 0.780 bee 0.200 | 0.054 | 0.070 }0.062 (0.177>) 0 
™ 0.940 ve 0.200 | 0.038 | 0.053 |0.045 |0.164 
“boiled | 0.775 <i 0.200 | 0.201 | 0.204 |0.202 100 
- - 0.740 0.200 | 0.234 | 0.208 |0.221 100 
Rat 1.00 | Waring blendor |0.300 | 0.302 \h00 
- 1.00 bg se 0.300 | 0.309 
- 0.740} Mince 0.300 | 0.092 0.281 | 0 
" 1.25 | Waring blendor, |0.300 | 0.212 0.070 
5° "a 
“ 1.2/ “ © 19,300 | 0.224 0.061(| “4: 
* 0.313 ” - 0.300 | 0.272 0.089 























boiling in the highly acid medium in the presence of tissue. The dif- 
ference between living tissues and those boiled before incubation still re- 
mained, however, the average recovery from living tissues being only 26 
to 42 per cent of added hormone, depending on the amount of tissue used. 
The evidence, therefore, indicates that conjugation alone probably did not 
account for the destruction. 

To avoid the destruction of unchanged testosterone by the acid medium, 
a second procedure was adopted. The regular extraction was carried out, 
and the aqueous layer, including the suspended tissue, was then hydrolyzed 
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with weak acid or weak base. This solution was then extracted and 
analyzed by the regular procedure. No testosterone, no a,$-unsaturated 
ketones, and no 17-ketosteroids were recovered. 

It seems highly improbable, therefore, that the disappearance of testos- 
terone, as measured by these methods, is the result of conjugation either 
with detoxifying groups or with proteins. 


DISCUSSION 


It seems apparent from the data presented that the destruction of 
testosterone in liver tissue is an enzymic series of reactions involving 
oxidation. Whether the direct reaction involving testosterone is oxidative 
cannot be decided in such a complex system. Unfortunately, so far we 
have been unable to carry out the reaction in simple systems such as those 
used by Graubard and Pincus (10) or Westerfeld (11) with estrogens. The 
former workers were unable to inactivate testosterone with laccase under 
conditions which were effective for estrone. 

The reaction may involve a coupled oxidation-reduction; considering the 
ease with which the a,8-unsaturated ketonic group is reduced, this would 
seem most probable. Another possibility is that Ring A may be split by 
oxidation, yielding dicarboxylic acids. Certainly it seems unlikely that the 
hormone is oxidized to any stable, intermediate state which would involve 
additional double bonds or carbonyl groups; otherwise, one would expect 
absorption bands in the 220 to 350 my region. 

The disappearance of the band at 238 my, as well as the decrease in the 
colorimetric reaction, rules out A‘-androstenedione-3,17 or cis-testosterone 
as the final products of the enzymic change, since these would give both 
reactions. Neither is androsterone nor any other 17-ketosteroid the stable 
end-product, since the Zimmermann reaction was negative. It seems 
unlikely, therefore, that the major pathway of testosterone metabolism in 
the liver of the rat, mouse, or rabbit involves the androstenedione-andros- 
terone, etiocholanolone route _ postulated by many workers from the 
urinary excretion products following testosterone administration (12). 
Since androsterone is a significant excretion product when large doses of 
testosterone are given to rats or rabbits, it may be that this compound 
represents a metabolic pathway in these animals which is followed when the 
capacity of the normal system is exceeded. The other possibility is that 
androsterone is formed in some other organ. 

Recently Szego and Roberts (13) introduced evidence that the major 
portion of the circulating estrogen was present as a lipoprotein complex. 
Since they could not obtain estrogenic effects on the uterus of the eviscer- 
ated rat (14), they have suggested that the combination of estrogens with 
protein might take place in the liver and that this complex was the effective 
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agent. They found that the compound was easily split by partial hydrolysis 
with 0.1 N NaOH or 4 per cent (1.4. N) H,SO,. Since similar treatment of the 
protein residues with these reagents did not release any compounds of the 
a,6-unsaturated ketonic type nor any 17-ketosteroids, it does not seem 
likely that this type of combination accounts for the disappearance of 
testosterone measured in these experiments. Such a compound, however, 
may also be formed and broken down again to testosterone during the 
analytical procedure. 


SUMMARY 


1. With chemical methods of analysis it has been shown that the livers 
of the rat, mouse, rabbit, and human destroy testosterone. Rabbit uterus, 
rat prostate and seminal vesicle, and mouse mammary tumor tissue had 
no significant effect. 

2. The destruction was inhibited by boiling, cyanide, iodoacetate, 
fluoride, malonate, and an atmosphere of nitrogen. The reaction appears to 
be an oxidative enzymic one involving metals, sulfhydryl enzymes, and the 
Krebs cycle. Inhibition was not complete, except by boiling, and the 
hypothesis was introduced that the usual oxidative systems form some 
substrate which is directly utilized in the reaction with testosterone. 

3. No evidence was found that conjugation was a major factor. Since 
the absorption band at 238 mu decreased as the color reaction diminished, 
it appears that the a,@-unsaturated ketonic linkage was destroyed. Since 
no new bands appeared in the region of 220 to 350 my, carbonyl groups seem 
to have been destroyed. No evidence of the formation of 17-ketosteroids 
was found. 
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THE PHENYLALANINE AND TYROSINE CONTENTS 
OF CHICKS AND EGGS* 
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(Received for publication, January 27, 1947) 


One of the most direct methods of studying the metabolism of such closely 
related amino acids as phenylalanine and tyrosine is to estimate the amino 
acid contents of the animal carcass at the start of the experiment, calculate 
the intakes from feed consumption data, and determine the amino acids 
present at the end of the experiment. By the use of proper diets, infor- 
mation can thus be obtained concerning the extent of conversion of one 
amino acid into another and the efficiency of utilization of amino acids under 
various dietary régimes. 

The present report is concerned with the determination of the phenyl- 
alanine, tyrosine, and nitrogen contents of chick carcasses at various 
stages of growth and with certain changes which occur as egg protein is 
transformed into chick protein. 

The data on the amino acid contents of entire animals are sparse and 
variable. Block and Bolling (1) found 3.5 to 4.3 per cent phenylalanine and 
2.9to3.6 per cent tyrosine in the crude protein (N X 6.25) of entire rats; age 
had no effect on the amino acid content. Albanese (2) found 4.8 per cent 
phenylalanine in the crude protein of mature rats. Calvery (3) studied 
the changes in the tyrosine content of the egg during incubation, and found 
that the tyrosine content of embryo protein decreases with age, while that 
in the yolk and white remains constant. Munks et al. (4) found 5.8 per 
cent phenylalanine and 4.8 per cent tyrosine in the protein of whole eggs. 

In the present study, the method of hydrolysis of the whole chick had to 
be suitable for phenylalanine, tyrosine, and nitrogen analyses; hence, acid 
hydrolysis was used in order to destroy tryptophane, which is said to inter- 
fere with the analyses for tyrosine and phenylalanine. 6 N sulfuric acid 
was used instead of 6 N hydrochloric acid, because the high level of 
chloride interferes with the Millon color reaction for tyrosine. Before the 
chick carcasses could be analyzed, it was found necessary to develop certain 
modifications of the original Kapeller-Adler and Millon methods for 
determining phenylalanine and tyrosine, respectively. 

Kapeller-Adler Method for Determining Phenylalanine—The original 
method (5) has been studied and modified by Block et al. (6, 1), by Brown 
(7), by Albanese (2), and by Hess and Sullivan (8). In applying the method 


* This investigation was aided by a grant from the Nutrition Foundation, Inc. 
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of Albanese (2), it was found that introduction of the aliquots directly into 
50 ml. volumetric flasks eliminated transfer from evaporating dishes, and 
made it possible to dry a large number of flasks simultaneously. Since 
more intense color was obtained when flasks were used (rather than evapo- 
rating dishes), the sensitivity was increased (Fig. 1, lower curves). The 
differences in the transmittance curves reflect the slight color differences 
obtained with the two methods; the violet tinge of the original color was 
replaced by a reddish brown. Albanese, who used a photoelectric color- 
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Fic. 1. Transmittance curves of the color produced by 3 mg. each of phenylalanine 
tyrosine, and histidine, according to the modified Kapeller-Adler method described 
in the text. In the two lower curves, a comparison is made between the original 
(evaporating dish) method and the flask method used in the present study. The 
histidine and tyrosine colors were produced in flasks. From these data, \ 550 my was 
chosen as the wave-length at which readings were made. 


imeter to measure the color, found that, in order to eliminate erroneously 
high values, tyrosine and histidine had to be destroyed. Tyrosine was 
destroyed by KMn0, in acid solution, and histidine was adsorbed when 
the solution was passed through a column of permutit. Tryptophane 
presented no problem, because Albanese used an acid hydrolysate. Brown 
(7) used a spectrophotometer, but since he used an alkaline hydrolysate, 
tryptophane had to be removed by precipitation as the mercury salt. 
Brown used an aliquot to which no hydroxylamine was added as a standard, 
instead of a more reproducible standard such as water. Among the 
modifications which were introduced in the present study to increase the 
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accuracy were reduction for 10 minutes at 0°, rapid addition of the base, 
and color development at room temperature for 50 to 60 minutes. 

The following method was finally used in all determinations (which 
were carried out in triplicate). An aliquot containing 1 to 4 mg. of phenyl- 
alanine was pipetted into a 50 ml. volumetric flask containing a boiling 
chip 1 to3 mm. in diameter. The flask was placed in an oven at 110—120° 
until the sample was dry or until a thick syrup was obtained, after which 
2 ml. of a solution of potassium nitrate in concentrated sulfuric acid 
(20 gm. plus 100 ml.) were added, and a small test-tube was inverted over 
the neck of the flask. Nitration was carried out for 30 minutes at 110—120°. 
The flask was cooled, 5 ml. of water were added, the vessel was again 
cooled, and 5 ml. of a solution containing 10 gm. of hydroxylamine hydro- 
chloride and 20 gm. of ammonium sulfate per 100 ml. of solution were added. 
After 10 minutes in an ice bath, 20 ml. of 20° per cent sodium hydroxide 
were added rapidly with effective agitation. The flask was cooled in ice 
water to room temperature, diluted to the mark with water, and allowed 
to stand at room temperature for 50 to 60 minutes, when the color was 
measured at \ 550 my with a Coleman (model 11) spectrophotometer. 

In addition to the transmittance curves for phenylalanine, Fig. 1 con- 
tains curves for tyrosine and histidine, the two amino acids which have 
been reported to interfere with the Kapeller-Adler method. At » 550 
my, the transmittance values obtained with tyrosine and histidine are very 
high; hence these amino acids need not be removed prior to analysis. 
(Even tryptophane has a transmittance value of 98 per cent at \ 550 my, 
and so it would not interfere if alkaline hydrolysates were used.) The 
straight line obtained when the transmittance was plotted against the con- 
centration on semilogarithmic paper attested to the adherence to Beer’s 
law. 

In the analysis of chick carcass hydrolysates, it was found that decolori- 
zation by charcoal without prior neutralization removed large amounts 
of amino acids. Since neutralization was not required, all determinations 
were made without decolorization. 

Modified Millon Method for Tyrosine—The following method is essentially 
the same as that used by Folin and Marenzi (9), modified by Block and 
Bolling (1). Duplicate aliquots of a protein hydrolysate containing 0.5 
to 1.0 mg. of tyrosine were pipetted into tubes marked at 40 ml., 20 ml. of 
mercuric sulfate reagent! were added, and the tubes were placed in boiling 
water for 10 minutes. After being cooled to 30°, 1 ml. of 0.8 per cent 
sodium nitrite was added, water was added to the mark, and the solution 


175 gm. of mercuric sulfate are dissolved in a mixture of 150 ml. of concentrated 
sulfuric acid and 500 ml. of water and made to 1670 ml. with water. 
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was filtered through dry Whatman No. 42 paper. After 10 minutes the 
red color was measured at A 475 my with a Coleman spectrophotometer, 

No color was obtained when this method was applied to phenylalanine, 
histidine, or tryptophane. 

Analyses of Chick Carcasses—A chick was killed by carbon tetrachloride 
vapor and its digestive tract was removed. The tract was opened, washed, 
and put with the remainder of the carcass into a wide mouthed, 500 ml. 
Erlenmeyer flask. The weight of the bird thus cleaned has been designated 
the empty weight. 200 ml. of 6 N sulfuric acid were added, and the flask 
was put into an oil bath maintained at about 125°. A cold finger condenser 
prevented water loss. After 18 to 24 hours, the contents of the flask 
were diluted with hot water, filtered through wet, fluted filter paper 
(Whatman No. 12), cooled, and diluted so that 5 ml. aliquots could be 
used for the phenylalaniné analysis and 3 ml. aliquots for the tyrosine 
determinations. Nitrogen was determined by micro-Kjeldahl analysis 
of the filtrate. Less than 3 per cent of the total nitrogen was lost on the 
filter, as determined by Kjeldahl analysis of the residue. 

Chicks of several ages were analyzed for phenylalanine, tyrosine, and 
nitrogen by the methods described above. Groups of four chicks each 
were killed for analysis every 5 days for 30 days. The yolk sacs of the 
newly hatched chicks of the 4900 series (Table I) were removed and 
analyzed separately. The yolk sac membrane was included in this analysis. 
All chicks were fed a commercial type chick mash from the day of hatching 
until they were killed; they were not fasted before being killed. The 
empty weight was found to range between 77 and 91 per cent of the live 
weight, with a mean value of 87 percent. In Fig. 2, the individual phenyl- 
alanine, tyrosine, and nitrogen weights have been plotted on a double 
log grid against the empty chick weights. These curves have served as 
bases for estimating the aromatic amino acid and nitrogen contents of 
chicks of given weights when normal diets have been fed. 

The average phenylalanine and tyrosine contents of chick carcass protein 
(calculated to 16 per cent nitrogen) were found to be 5.61 and 3.26 per cent, 
respectively. The value for tyrosine lies within the range of the analyses 
reported by Block and Bolling (1) for rats, but that for phenylalanine 
is somewhat higher than the value for rat carcass protein already cited 
(cf. also the data for eggs, below). 

Analyses of Eggs—Four eggs including shell and membranes were 
hydrolyzed and analyzed in the same manner as were the chicks, with the 
results shown in Table I. The average value for phenylalanine, 455 mg., 
is somewhat higher than the value of 312 mg. obtained by Munks et al. 
(4) for eggs of the same size, but the tyrosine values are very similar 


(248 mg. against 258 mg.). 
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The efficiency of the embryo in using the nutrients available to it may 
be expressed as a percentage recovery (carcass content X 100 + egg con- 


TaBLe I 


Protein, Phenylalanine, and Tyrosine Contents of Eggs and Newly Hatched Chicks 

























































































Pe No. Weight oo — Phenylalanine | Tyrosine 
Egg 
per cent of per cent of per cent of 
sm ed content Ee protein aa protein 
379 56.0 50.4 5.95 11.8 413 6.95 237 3.99 
668 56.5 49.9 5.75 11.5 441 7.67 240 4.17 
748 58.5 52.6 5.99 11.3 467 7.80 255 4.26 
1048 58.5 52.6 6.23 11.8 499 8.00 255 4.09 
Chick carcass minus yolk sac 
4901 29 3.97 13.7 228 5.75 121 3.04 
4902 29 4.03 13.9 208 5.16 124 3.07 
4903 29 3.59 12.4 220 6.29 128 3.56 
4904 26.5 3.19 12.0 190 5.96 106 3.38 
Yolk sac 
4901 5.08 1.32 26.0 99 5.98 49 3.70 
4902 5.85 1.28 21.9 105 8.21 51 3.99 
4903 4.07 0.87 19.7 60 6.90 31 3.90 
4904 7.80 2.48 31.8 148 6.37 67 2.70 
Chick carcass plus yolk sac 
4901 34 3.29 15.6 327 6.20 170 3.22 
4902 35 §.31 15.2 313 5.89 175 3.30 
4903 33 4.39 13.3 286 6.53 159 3.62 
4904 34 5.67 16.7 338 5.96 173 3.05 
4738 37 5.45 14.7 338 6.20 198 3.64 
4739 39 5.88 15.1 339 5.76 194 3.30 
4740 35 5.51 15.7 333 6.05 193 3.50 
4741 37.5 5.75 15.3 349 6.07 198 3.44 








* Total weight x 0.9. 


tent), but probably a more adequate measure of efficiency is obtained 
when the yolk sac contents of the hatched chick are taken into account, 
Approximately 15 per cent by weight of the newly hatched chick is yolk 
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Fig. 2. Individual values of the phenylalanine, tyrosine, and nitrogen contents of 
normal chick carcasses. The straight lines were drawn by inspection. 


Tasie IT 
Efficiency of Utilization of Protein and Aromatic Amino Acids by Chick Embryo 


All chick data corrected to a live weight of 36.5 gm.* 


| 
; 


Protein | Phenylalanine | Tyrosine 
| gm meg mg 
Egg 5.98 | 155 248 
Yolk sac, hatched chick 1.60 111 53 
Difference 4.38 | 344 198 
nines —— = a — - —— | | -_ 
Chick carcass minus yolk sac 3.96 228 129 
Recovery by embryo, % 90 66 65 





° F rom the eggs analy zed, chile ks would bane hs atched whis h would howe weighed 
about 36.5 gm., instead of 34 gm., the actual weight of the chicks analyzed. The 
hatched chick weight is about 64 per cent of the original egg weight, according to 
data summarized by Needham (11). 





| 


~*, 


its of 


ibryo 


zhed 
The 
g to 








Cc. R. GRAU 491 


material (10) which has not been metabolized,? and should not, therefore, 
be included in the efficiency calculations. From Table II, where the 
efficiency data calculated in this way are summarized, it is apparent that 
there is no net interchange of phenylalanine and tyrosine during embryonic 
development and that the amino acid recovery is lower than that observed 
with total crude protein. These high efficiencies of utilization of egg amino 
acids are never approached by the chick after hatching; a 40 per cent 
recovery of feed amino acids in the carcass is fairly high.’ 


SUMMARY 


The Kapeller-Adler and Millon methods for the colorimetric deter- 
mination of phenylalanine and tyrosine, respectively, were modified and 
used to determine the contents of these amino acids in chicks of various 
ages and in whole, unincubated eggs. 

The logarithm of the amino acid or nitrogen contents when plotted 
against the logarithm of the empty carcass weight gives a straight line from 
hatching to 30 days of age. 

Approximately 65 per cent of the phenylalanine and tyrosine present 
in the egg before incubation is recoverable in the carcass of the hatched 
chick. 90 per cent of the crude protein (N X 6.25) is recoverable. 
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* That the percentages of amino acids in the yolk protein remain unchanged during 
development was demonstrated by comparison of analytical results for fresh yolk 
with the data for yolk sac given in Table I. All of the four fresh yolks analyzed con- 
tained protein of amino acid content within the range of the yolk sac values. 

* This feed recovery figure is based on direct data for phenylalanine and tyrosine 
to be published subsequently as well as on published indirect data of feed consump- 
tion and weight gain. 
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Shaffer (1), Myers and Fine (2), and Hahn and Meyer (3) adduced 
evidence that muscle creatine is the precursor of urinary creatinine. 
This was questioned by Chanutin and Kinard (4) but was conclusively 
proved by Bloch, Schoenheimer, and Rittenberg (5, 6) by isotope tracer 
evidence, which also showed that creatinine was the only normal urinary 
constituent containing any significant amount of body creatine nitrogen.’ 

Although Bloch, Schoenheimer, and Rittenberg had settled the issue of the 
relation between creatine and creatinine, the site and mechanism of creati- 
nine formation and the place of phosphocreatine in the process were still 
open questions. The crux of all three questions is the fact that the amount 
of creatinine normally excreted is greater than can be accounted for by the 
spontaneous (7.c., non-enzymatic) rate of dehydration of creatine at the 
pH and temperature of the body. Thus Myers and Fine (7) found that 
the creatine in finely ground muscle was transformed to creatinine more 
than 3 times as fast as in pure solutions of creatine. Hammett (8) measured 
the velocity constants of the transformation at 38° and pH 6.9 of the 
creatine in buffered extracts of rat brain and muscle and in similarly 
buffered solutions of pure creatine. The velocity constants in the brain 
suspensions ranged from 0.00083 to 0.00148, average 0.00117; in muscle 
0.00091 to 0.00119, average 0.00104; and in creatine solutions 0.00058. 
(The time unit of these constants is 1 hour.) The percentage of creatine 
converted in 24 hours calculated from these constants was, in the brain 
and muscle extracts, 2.8, and in the creatine solution 1.4. 

The rate of conversion of creatine to creatinine in vivo is of the same 
order of magnitude as observed by Hammett in brain and in muscle 
extracts. Table I is an assembly of the data obtained by direct observa- 
tion on this point.2 


' Exeretion of creatine and creatinine into the intestine and their degradation 
there were not examined. 

* Included in Table I are data obtained by Chanutin and Kinard (4), who con- 
cluded that, ‘‘A statistical analysis of the data obtained in the dog, rat, rabbit, and 
guinea pig indicates an absence of any relationship between creatinine elimination 
and the percentage concentration of muscle creatine.’’ We have calculated the cor- 
relation coefficient, r, and the value of ¢ (the probability coefficient of r), grouping 
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TABLE [ 


Rate of Conversion of Creatine to Creatinine in Vivo 





Correla- 


| Average Average | Creatine a orrel Biblio- 
Animal =| coeatine | creatinine | “gestions |_| cficient| > |S 
in body in 24 hrs. in 24 hrs. snimas r° ence No, 
mg. mg. per cent 5 
Dog 23,020§ | 477.5 | 2.41 7 0.951 | 6.86 <0.01 (4) 
Guinea pig | 1,197§| 27.5 | 2.66 21 0.880 | 8.07 | <0.01) (4) 
Rabbit | 3,188 | 67.7 | 2.46 10 | 0.967 | 10.72 | <0.01) (2) 
a 6,070§ | 150.4 | 2.88 11 | 0.349} 1.12) 0.3] (4) 
Rat 568§ | 11.4 | 2.33 17 | 0.800 | 5.6 | <0.01) (4) 
“ 1,026 | 13.8 | 1.56 14 | 0.897} 7.04] <0.01) @) 
a | 2.03 3 (6) 
“ | 2.70)| | (6) 
In vitro from | | 1.06-1.33 
creatine | 


* Correlation coefficient between the average total body creatine and the aver- 


rry 


age 24 hour urinary creatinine; r = —~=———.,, where z and y are deviations of indi- 


V 22?- Sy? 


vidual values of body creatine and 24 hour urinary creatinine, respectively, from 


their average values for the series. 


tr n—2 
1—r* 


t Probability of obtaining the observed value of r or higher, on the assumption 
that body creatine and urinary creatinine are unrelated. 
§ Estimated as follows: average concentration of muscle creatine X body weight 


x 0.40. 


|| Calculated from the rate of decrease of isotopic nitrogen in urinary creatinine 


and in terminal muscle creatine. 


— _ —$$—__—.. 





in one series all their data on the four animals. The value of r is 0.787 and of ¢ 9.87, 
which indicates a very high correlation. The statistical treatment of Chanutin 


and Kinard was inadequate in two respects; (1) they compared the concentration of 


muscle creatine, which varies little in healthy adult animals with any one species, 
with the total creatinine elimination, which is affected greatly by the body weight 
which varies considerably, and (2) the variations within each group of animals of 
the same species were over too small a range for the number of animals within the 
group. Table I shows that, when the total body creatine and the urinary creatinine 
are compared, their data yield high correlation coefficients, except in the case of 


the rabbit in which again the number of animals was too low for the small range of 
variation within the group. In the group of rabbits used by Myers and Fine (2) the 


range of variation was much larger and a high correlation coefficient is obtained. 
Kinard et al. (9) found later in an independent study on the rat a high correlation be 


tween total body creatine and creatinine elimination. 


Any inference in the conclusion 


of Chanutin and Kinard, quoted above, that body creatine is not related to urinary 
creatinine was disproved conclusively by Bloch and Schoenheimer (5, 6) by means 


of creatine labeled with isotopic nitrogen. 
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The faster rate of conversion of creatine to creatinine in the tissues than 
in pure solutions of creatine suggested that an enzyme might be respon- 
sible. No evidence of such an enzyme has been found in repeated searches 
(3, 7, 8, 10). Hahn and Meyer estimated that creatinine elimination in 
man could be accounted for satisfactorily simply by the spontaneous (?.e. 
non-enzymatic) dehydration of creatine in pure solution, but they used too 
high a figure for the creatine concentration of human muscle in their 
estimate, and they took no account of the fact that most of the creatine 
in the body is not free, but is “bound” as phosphocreatine. Hahn and 
Meyer’s own figure of the rate constant for the spontaneous conversion 
of creatine to creatinine at pH 7 and 38°, K = 0.000538, corresponds to 
1.3 per cent conversion in 24 hours, which is lower than the rates observed 
in vivo (Table I), in tissue extracts (7), and in tissue autolysates (8). 

In view of the conclusive evidence that the rate of creatinine elimination 
is related to the amount of body creatine, nearly al! of which is in the 
muscles and in the form of phosphocreatine, we investigated the rate of 
creatinine formation in buffered aqueous solutions of phosphocreatine and 
compared it with the rate in similar solutions of creatine. It was found that 
creatinine is formed spontaneously much faster from phosphocreatine than 
from creatine. The rate from phosphocreatine at pH 7 and 38° is, in 
buffered solutions without an enzyme, within the range of rates of trans- 
formation of creatine to creatinine observed in vivo. It is, therefore, 
unnecessary to postulate the intervention of an enzyme in this process. 
That possibility is not excluded, but if there is an enzyme, its activity 
in vivo is low. 


EXPERIMENTAL 


Phosphocreatine was isolated from rabbit muscle by the method of Fiske 
and Subbarow (11), and synthesized by the method of Zeile and Fawaz 
(12). Both preparations were purified in the form of the calcium salt. 
The same results were obtained with both the natural and synthetic 
preparations. 

Creatine was purified by the method described by Hunter (13). 

Creatinine was determined by the alkaline picrate method. We found 
in solutions containing a large excess of creatine over creatinine that a slow 
intensification of the color occurs after the initial rapid development. The 
slow increase in color is, presumably, a consequence of a slow conversion of 
creatine to creatinine in the alkaline picrate. Accordingly, readings were 
taken at intervals and the extrapolated zero time value gave the creatinine 
present before the addition of the alkaline picrate. As an example of the 
order of magnitude of thé extrapolation, the color at the end of an hour 
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corresponded to 11.5 per cent more creatinine than the extrapolated zero 
time value. 

Inorganic phosphate in the presence of phosphocreatine was determined 
both by the indirect and by the direct precipitation methods of Fiske and 
Subbarow. The two methods gave essentially the same hydrolysis con. 
stants of phosphocreatine when the room temperature at which the deter. 
mination was carried out was not too high. We came to prefer the direct 
method, as the laboratory temperature was often above 25°, and the 
solutions were warmed somewhat during the colorimetry. Under these 
conditions the indirect method, as Fiske and Subbarow pointed out, gives 
values of inorganic phosphate (in the presence of phosphocreatine) which 
are too high and inconsistent. 

The colorimetry of both the creatinine and of the inorganic phosphate 
was carried out either in a K6énig-Martens (visual) or a Beckman (elee- 
trical) spectrophotometer. 

0.1 m maleic acid-sodium hydroxide buffers were used. 

The preservative employed, after a number were tried, was 0.1 per 
cent phenol; it did not interfere with either the creatinine or phosphate 
determinations. 

Mathematical Analysis 


Three reactions ensue when phosphocreatine is dissolved in approxi- 
mately neutral solution and at temperatures near to that of the body. 
(A) Phosphocreatine — inorganic phosphate + creatinine 
(B) Phosphocreatine — inorganic phosphate + creatine 
(C) Creatine — creatinine 

On the assumption that the three reactions are of the first order, and 
with the concentration of phosphocreatine designated as [PC], of inorganic 


phosphate as [P], of creatinine as [Cn], and of creatine as [Cr], the rate of | 


creatinine formation in reaction (A) is 


“c) = k{PC] (1) 
dt Jy =r 
1C 
(‘ ") = k{Cr] (2 
dt /» 


If the initial concentration of phosphocreatine is designated as a, at 


and in reaction (C) 


any time during the reaction 


and . 
[Cr] = [P] — [Cn] (4 
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The total creatinine formed at any time during the reaction is, from 
equations (1) and (2), 


[ acm, + / (dCn), = [Cn] = ky / [PC] dt + kz [ica dt (5) 
which may be rewritten according to equations (3) and (4) 
[Cn] = ky / (a — [P]) dt + k | ([P] — [Cn]) dt (6) 


If equation (6) is rearranged, 


[Cn] + bs f onan — Ff, fe dt 
oa -/e dt 


(Cn] is the concentration of creatinine (total) at time ¢. 2 was obtained 





ky = (7) 


independently from buffered solutions of creatine. | [Cn] dt was com- 
puted by graphical integration of the plot of [Cn] against time. To obtain 


| [P| dt the rate constant of total inorganic phosphate formation from 


phosphocreatine was determined first; | [P] di was then computed by 


graphical integration of the plot against time of inorganic phosphate lib- 
erated. 

For convenience of computation, the initial concentration of phospho- 
creatine was set at 100; [Cn] then became the per cent of phosphocreatine 
converted to creatinine and [P] the per cent of phosphocreatine hydrolyzed 
jn the sum of reactions (1) and (2). 


Results 


A test of the validity of equation (7) is the constancy of k, at different 
times during the hydrolysis of phosphocreatine at any given pH and 
temperature. The same test in another form is the agreement between 
observed and calculated values of [Cn]. 

The rate constants of the spontaneous conversion of creatine to creatinine 
in aqueous solution, k; in equation (7), obtained by different authors and 
ourselves, are collected in Table II. The values we obtained lie between 
those calculated from the data of Myers and Fine (2) and those reported 
by Hammett (8) and by Hahn and Meyer (3). The values at 38° at or 
near the same pH are in fairly good agreement; this is appreciated better 
when the rate constants are expressed as pK values. Thus Hahn and 
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Meyer give, at pH 7.01, pK2 3.27; we found, at pH 7.00, pK, 3.35. Neither 
Hammett nor Hahn and Meyer mention the necessity of extrapolating 
to zero time when determining creatinine in the presence of a great excess, 
30 to 50 times, of creatine. Our having done so might account for half 
the difference between their values and ours. Probably the main reason 
for the difference lies in the fact that the precision of the alkaline picrate 
method for determining creatinine in low concentrations (0.2 to 1.0 mg. 
per cent) is not better than +5 per cent in the lower portion of this range 
and +2.5 per cent in the higher portion. The precision was lowered fur- 
ther in all the determinations of k, by the great excess of creatine present. 
The above differences in the values of k. at any one pH have a negligible 
influence on the value of k, in equation (7) and may, therefore, be taken 
as sufficiently concordant for this purpose. 


To compute / [P] dt in equation (7), it is necessary to obtain the rate 


constant of the liberation of inorganic phosphate from phosphocreatine in 
the sum of reactions (A) and (B).2 Table III contains the value of kp 
obtained at 20.5° and 38° over a pH range from 5.4 to 7.5. Natural and 
synthetic phosphocreatine gave the same values (within the experimental 
error) of kp at the same pH and temperature. The plot of pkp against 
pH, including in one array the values of both natural and synthetic phos- 


* This constant, kp, is equal to the sum of the constants of the liberation of in- 
organic phosphate in reactions (1) and (2), where kp, and kpg respectively are the 
rate constants for reactions (1) and (2). The proof is as follows: The rate of liber- 
ation of phosphate in reaction (1) is 


dP 
— a -k Pod 
(= ), p,(a — [P)) (8) 
and in reaction (2) 
dP 
(2), = kpg(a — [P)) (9) 
The rate of liberation of phosphate in the sum of reactions (1) and (2) is 
dP dP 
—_— —j} =(k k — [P 10 
(=), +(4), (kp, + kpg)(a — [P)) (10) 
Equation (10) may be written 
dP 
ye kp(a — [P)) (11) 
and since 
dP dP dP 
po — i a 12 
(2) +(3), dt (12) 


kp = kp, + kpp (13) 
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phocreatine, gives at 20.5° a straight line from pH 5.4 to 7.0, and at 38° 
a straight line from pH 5.8 to 6.5 and a shallow curve from pH 6.5 to 7.5, 
In Table IV the values of pkp interpolated from the curves are compared 
with the observed values at the same pH. There is no consistent trend 
of disagreement between the values obtained from natural and synthetic¢ 























. : : an 
phosphocreatine and the corresponding interpolated values. The two ) 
preparations may be considered as identical by this criterion. 

Tas_e III é 
Hydrolysis Constants of Liberation of Inorganic Phosphate from Phosphocreatine i 
in Buffered Aqueous Solutions t 
Temperature, 20.5° Temperature, 38° t 
So f ee eee eee 
ghess boorentine pH c cesta t sheuboanet ine pH pinnae ( 
Natural 5.4 | 0.0298" | Natural 5.80 | 0.103 
we | 5.8 | 0.0109* Synthetic 6.00 | 0.0634 
Synthetic | 6.0 | 0.00711 Natural | 6.43 0.0272 
‘ | 6.21 | 0.00439 Synthetic 6.50 | 0.0233 
Natural 6.4 0.00283 * _ 6.70 0.0149 
Synthetic 6.5 0.00290 Natural 6.96 0.0101 
¢: 6.55 | 0.00252 Synthetic 6.96 | 0.0103 
“ 6.7 | 0.00139 “ 7.00 | 0.0101 
7.02 | 0.00057 “ 7.20 | 0.00686 
Natural 7.50 | 0.00553 
* Calculated from Fiske and Subbarow’s value at 22° (11), multiplied by 2.303 
(since their values are for the expression, k = (1/t) log (a/(a — z)) instead of k= 
(1/t)In(a/(a — x)) and modified for the difference in temperature between their and 
our determinations. The equation used to obtain the temperature coefficient is 
ke E T:—T, 
aS 6 os fe 
ky 2.303R T1T: 
where k, and kz are the velocity constants at temperatures 7’; and 7’; (on the absolute 
scale) respectively, R is the gas constant (1.989), and £ is the energy of activation. 
E, calculated from interpolated points on smooth curves, of the rate constants ob- 
tained at 20.5° and 38°, is here 23,170 calories. When 7; and 7 are 20.5° and 22° 
respectively, log k,; = log kz — 0.087. Ol 
om : we Be ig . al 
lable V summarizes the data on creatinine formation in solutions of | pe 
phosphocreatine at different hydrogen ion concentrations. The initial T 
concentration of phosphocreatine was, in every case, 1.43 X 10-* molal. | n 
Creatinine formed, expressed as equivalent per cent of initial phospho- | oa 
creatine, was plotted against time, and | [Cn] dt was computed graphic- co 
ally from a smooth plot through the experimental points. In determining ph 


the plot, greater weight was given the points at the end of the run than 


at the beginning. fe dt was computed by graphical integration of 
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the curve of the liberation of inorganic phosphate given by the values of 
kpateach pH. The values of kp and of k2 used were obtained by interpola- 
tion of smooth plots of pkp and of pkz against pH. 

The calculated values of creatinine formed were interpolated from curves 
given by the calculated values of k1, which, in every case, were near to the 
mean of the observed values of k;. The differences between the observed 
and ealeulated values of creatinine formed are within the experimental 
error of the creatinine determination. There was no consistent difference 
in this respect between the natural and synthetic phosphocreatine. By 
this criterion, therefore, as well as by the identity of their kp values, the 
two preparations behaved the same. 


Tasie IV 


Comparison of Hydrolysis Constants of Liberation of Inorganic Phosphate of Natural 
and Synthetic Phosphocreatine 


| 
| 





Temperature, 20.5° Temperature, 38° 


























| tea | ie] ysia 

a. — | = aces —> negli | pH | éipea —-> 

curve, pK | curve, pK 
Natural | 5.4 | 1.58 | 1.51 | Natural | 5.80 | 0.99 | 0.95 
| 5.8 | 1.96*| 1.93 Synthetic | 6.00 | 1.20 | 1.18 
Synthetic 6.0 | 2.15 2.14 Natural 6.43 1.57 1.59 
. 6.21 | 2.36 | 2.36 | Synthetic | 6.50 | 1.63 | 1.66 
Natural 6.4 2.55* | 2.56 ee | 6.70 | 1.88 | 1.82 
Synthetic 6.5 2.54 | 2.67 Natural | 6.96 | 2.00 | 2.00 
“ 6.55 | 2.60 | 2.72 | Synthetic | 6.96 | 1.99 | 2.00 
| 6.7 | 2.86 | 2.87 | | 7.00 | 2.00 | 2.03 
a 7.02 | 3.24 | 3.21 “ 7.20 | 2.16 | 2.17 
| | | Natural =| 7.50 | 2.26 | 2.33 


| { 





* From Fiske and Subbarow’s data; see the footnote to Table IIT. 


Equation (7) and the numerical value of the rate constant k; are based 
on the hypothesis that phosphocreatine is hydrolyzed in part to creatinine 
and inorganic phosphate and in part to creatine and inorganic phosphate, 
and the creatine thus formed is independently dehydrated to creatinine. 
This process is formulated in reactions (A), (B), and (C) above. It is 
implied that the prevailing concentrations of creatine and creatinine are 
so far from their equilibrium ratio that reactions (A), (B), and (C) may be 
considered as irreversible and of the first order. 

In this hypothesis the rate of formation of creatinine directly from 
phosphocreatine is 


/ d{Cn,) = k; | (a — (Pl) de (14) 


ae 


is 
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where [Cn,] is the creatinine coming directly from phosphocreatine, ky is 
the rate constant of that process, a is the initial concentration of phospho- | 
creatine, and [P] the concentration of total inorganic phosphate liberated, 


TABLE V 


Creatinine from Phosphocreatine at 38°; Creatinine Expressed As Equivalent Per Cent 
of Initial Phosphocreatine 


Initial concentration of phosphocreatine in every case was 1.43 X 10° molal, 
corresponding to 18.7 mg. per cent of creatine or 16.2 mg. per cent of creatinine. 


Equation (7) and the values of kp and k; at each pH were used for the calculation 
of k;. (N) designates that natural and (S) that synthetic phosphocreatine was used, 


hi 

















Creatinine | 
Time —_ rami ' eee ae 
Observed per cent Calculated per cent | Observed Calculated 
pH 60; kp = 0.0634; k. = 0.000606 " 
ne ee * | : 
4.2 1.1 (N) 1.0 0.0029 0.0026 
19.4 3.4 (8) 3.4 0.0026 0.0026 
24.1 3.85 (N) 3.95 0.0025 0.0025 
46.9 6.1 (S) 5.8 0.0029 0.0027 
67.6 i ig ce 0.0026 0.0027 
71.5 6.8 (N) 7.3 0.0023 ().0026 ’ 
Mean.... 0.0026 0.0026 
pH 6.44; kp 0.027; ke = 0.00051 
19.3 | 2.6 (8) 2.3 0.0016 0.0014 
24.2 3.0 (N) 2.8 | 0.0015 0.0014 
48.1 “7° 4.8 | 0.0014 0.0014 
67.5 ° 6.7 (S) 6.1 0.0016 0.0014 
71.6 6.4 (N) 6.4 | 0.0014 0.0014 t 
92.7 7.6 (S) 7.5 0.0014 0.0014 
95.8 7.3 (N) 7.7 | —- 0.0013 0.0014 
SN una be chee CUR nae sie Se a | ae 0.0015 0.0014 
pH 6.91; kp = 0.00983; k2 = 0.00045 
20.0 | 2.3 (S) 2.0 0.00123 0.001066 
23.1 | 1.9 (N) 2.3 0.00087 0.00106 
44.4 4.3 (S) | 4.2 0.00110 0.00107 
47.0 3.8 (N) 4.4 0.00091 0.00107 
69.0 5.4 (S) 6.1 0.00093 0.00107 | 
70.8 5.6 (N) 6.2 0.00094 0.00106 
91.3 7.1 (S) 7.6 0.00097 0.00106 
94.9 7.7 (N) 7.8 0.00103 0.00105 
119.0 9.2 (S) 9.3 0.00104 0.00105 
Pid dhieen bike in checevs (tdbeded ode eereons 0.00100 0.00106 
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TABLE V—Concluded 





























Creatinine ki 

Time J aanaapi —_—_—— eS a dideatienicgnicigy diliinpiitiinsiiiaealll 

| Observed per cent Calculated per cent | Observed Calculated 
pH 7.21; kp = 0.00686; k. = 0.00043 
20.1 2.65 (S) 2.3 @.0014 0.0012 
44.4 le 4.9 0.0013 0.0012 
68.9 6.6 “« | 7.1 0.0011 0.0012 
a3 | ss“ | 89 0.0012 0.0012 
19.1 | No “ —< 0.0012 0.0012 
SL. és opaudeusedieeneudee ees cael 0.0012 0.0012 
pH 7.50; kp = 0.00550; k. = 0.00041 

23.2 2.35 (N) 2.45 0.0011 0.0011 
47.0 4.8 « | 4.8 0.0011~=— | sé. 0011 
1.50 | 6.95 “« 7.0 0.0011 0.0011 
95.0 5 ©* 9.0 0.0011 0.0011 
apn ecttaies ts sige | 0.0011 =| ~—(0.0011 





The same numerical result as from equations (7) and (14) is obtained on 
the hypothesis that phosphocreatine in solution consists of two forms 
which are always in equilibrium with each other. One form, a, gives rise 
on hydrolysis to creatinine and inorganic phosphate, the other, a2, to 
creatine and inorganic phosphate. Equation (14) is modified to 


[ atcnal = ef aut - tea a (15) 
which the experimental data showed to be equal to 
/ diCn] =k’, / a(a — {P}) dt (16) 


where a is the fraction of the total phosphocreatine in the form of ay. 
From equations (14) and (16) 


ki = kya (17) 


a can be evaluated from the values of k; and of k’; at any one time in the 
course of the reaction, or by solving for a; in equation (15) at two different 
times during the reaction. Both methods gave the same value of a, which 
was constant, at any one pH, during the whole time (up to 120 hours) 
that the reaction was followed. a@ varied with pH; it was 0.042, 0.051, 
0.104, 0.173, and 0.200 at pH values of 6.0, 6.44, 6.91, 7.21, and 7.50 respec- 
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tively. On the hypothesis as defined above, of two forms of phospho- 
creatine, a and a», in equilibrium the variation of a with pH indicates 
that hydrogen ion enters into the equilibrium. 

The fact that, at any given pH, a is constant throughout the course of 
the reaction excludes the possibility that the phosphocreatine we used was 
a mixture, z.e. that a, and a, were not in equilibrium. If that were the 
case, since k’s (the rate constant for the hydrolysis of phosphocreatine to 
creatine and inorganic phosphate) is larger than k’;, a would have varied 
throughout the reaction. The experimental data showed that this was 
not the case. 

The possibility that the phosphocreatine we used was a mixture is ex- 
cluded also by the following additional evidence. If it were a mixture, 


TABLE VI 


Rate Constants (Interpolated) at 38° of Liberation of Inorganic Phosphate from 
Phosphocreatine, of Creatinine Directly from Phosphocreatine, and of Creatinine 
from Creatine over pH Range 6.0 to 7.6 


| 





pH kp kp keg ki ke 

6.0 0.063 0.0026 0.060 0.0026 0.00061 
6.5 0.022 0.0014 0.021 0.0014 0.00050 
7.0 0.0092 0.0011 0.0081 0.0011 0.00044 
7.5 0.0055 0.0011 0.0044 0.0011 0.00041 


kp = the rate constant of liberation of total inorganic phosphate. 

kp, = k, = the rate constants of liberation of creatinine directly from phospho- 
creatine and of the accompanying inorganic phosphate in that reaction alone. 

kp, = kp — kp, = the rate constant of liberation of inorganic phosphate accom- 
panying the liberation of creatine from phosphocreatine. 

k, = the rate constant of conversion of creatine to creatinine. 


we might expect the proportions of a, and az to be different in different 
preparations of natural and synthetic phosphocreatine, and accordingly 
their values of kp and of k, to be different. We used three different prep- 
arations of synthetic phosphocreatine and one from rabbit muscle. 
Fiske and Subbarow obtained theirs from cat muscle. All preparations 
gave the same values of kp over the whole experimental range of pH, and 
all of our preparations gave the same values of k;. In fact, as shown below, 
even the in vivo rates of creatinine formation in a number of different 
animals are in accord with that of phosphocreatine in vitro. 

In the present communication we are concerned primarily with the 
relation between the rate of spontaneous, 7.¢. non-enzymatic, formation 
of creatinine from phosphocreatine and the rate of creatinine excretion 
in the urine. For this purpose it is convenient to use equation (7), as 
all the terms on the right-hand side are obtained without hypothesis; 
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the constancy of k; at any one pH for all values of ¢ sanctions the use of 
the equation. 

In the literature there are no values of the hydrolysis constants of phos- 
phocreatine over the physiological range of hydrogen ion concentration. 
These are given in Table VI and also those we obtained of the conversion 
of creatine to creatinine. 


DISCUSSION 


In the body most of the creatine (98 per cent) is in the skeletal muscles. 
Its concentration is kept constant within a range of 400 to 600 mg. per 
cent in different species. Since the concentration of creatine is kept 
constant, the per cent converted in 24 hours is kat = k K 100 X 24. If 
it were all free creatine and no enzymatic action postulated, the amount 
converted to creatinine in 24 hours at pH 7.0 would be, with the value of 
ky in Table VI, 24 XK 0.00044 X 100 = 1.06 per cent. If it were all phos- 
phocreatine, the value would be 24 X 0.0011 X 100 = 2.64 per cent. The 
latter is within the range of rates of conversion of creatine to creatinine 
in vivo (Table I), whereas the rate of conversion of creatine in vitro is 
definitely below, approximately one-half, that in vivo. 

Rosengart (14) found that the formation of creatinine was greatly accel- 
erated in minced muscle at 38° in the presence of fluoride, iodoacetate, or 
HCN, as did Myers and Fine and Hammett in unpoisoned autolyzing 
muscle extracts. Rosengart tried to explain this fact by a non-hydrolytic 
dephosphorylation of phosphocreatine; he later accepted the explanation 
proposed here, i.e. the cleavage of phosphate from phosphocreatine in 
reaction (1) above. 

Some of the data presented by Hammett (8) in 1924 on the rate of ap- 
pearance of creatinine in autolyzing rat muscle extracts afford a direct 
comparison with the rate we observed in phosphocreatine solutions at 
the same pH and temperature. At pH 6.9 and 38° Hammett found at 
10, 20, and 30 hours incubation the following percentages of the total 
creatine converted to creatinine: 1.03, 2.02, and 3.06, respectively. A 
smooth plot through our experimental data at the same pH and tempera- 
ture gave for the same time intervals 1.04, 2.03, and 2.98 per cent. After 
30 hours incubation Hammett’s values are higher than we observed; the 
explanation is very probably an increase in acidity in Hammett’s autoly- 
sates, as they were not strongly buffered. Hydrolysis of phosphocreatine 
itself increases the acidity, and a strong buffer is needed to minimize the 
latter change. Glycolysis and other autolytic processes also contribute 
to the increasing acidity. Even after 100 hours incubation Hammett’s 
figure is 9.88 per cent of the original total creatine converted to creatinine; 
ours (without change in pH) is 8.13 per cent. The agreement is remarkable. 
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Probably most, but not all, of the creatine in muscle exists as phospho- 
creatine. In Table VII are collected data in the literature on total creatine 
and phosphocreatine in the resting muscles of a number of vertebrate 
species. The ratio of creatine as phosphocreatine to total creatine ap- 
pears to vary from 43 to 80 per cent. The true values are probably in 
the upper part of the range; some hydrolysis of phosphocreatine is unavoid- 
able during removal and analysis of muscle; Riesser and Hansen (24) 
claim that values of phosphocreatine in muscle obtained by Fiske and 
Subbarow’s method, as most of those in Table VII were, are too low; their 
method gave values 180 per cent of that of Fiske and Subbarow. 








Tasie VII 
Creatine and Phosphocreatine in Muscle 
Animal Creatine Seams | cameleilamee 
mg. per cent | mg. per cent per cent 
Cat 500 (13) 215-363 (11 43-73 
Dog 380 (15) 170 (15) 45 
Frog 70-74 (16) 
“ 80 (17) 
Human 309-485 (18) | 
5 400 (19) | 211-239 (20) 44-68 
Rabbit 419-510 (21) 193-291 (21) 
= | 301 (20) 59-72 
Rat 287 (9) 
” 450 (10) 
as 460 (22) 211 (22) 44-74 
= 480 (4) 
. | 164-240 (23) 











The figures in parentheses are bibliographic references. 


If we assume, as an average figure, that 60 per cent of the creatine in 
muscle normally is bound as phosphocreatine, then the creatinine excretion 
in 24 hours, assuming no enzymatic conversion of creatine or of phospho- 
creatine to creatinine, is 24 X 100 (0.0011 & 0.6 + 0.00044 0.4) = 2.02 
per cent of the total creatine in the body. This figure is toward the lower 
end, but within the range of estimates in Table I. 

The hydrolysis rate constants used in the foregoing computations were 
those at pH 7.0. It may be that the normal resting pH of muscle is lower. 
Dubuisson (25) gives a range of 6.19 to 7.18 in frog muscle. It seems un- 
likely that the pH is below 6.0, as Rous (26) reported from his observations 
with indicators. At pH 6.0, assuming 60 per cent of the total creatine as 
phosphocreatine, 4.3 per cent of the creatine in both forms would be 
converted spontaneously to creatinine. As this figure is far above any 
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observed in animals, the normal resting pH of muscle on the average is 
probably distinctly above pH 6.0. In any event it is clear that the ob- 
served rates of creatinine formation from phosphocreatine in vitro are suf- 
ficient to account for the amounts of creatinine in the urine of normal 
animals. 

The following facts argue against the participation of an enzyme in the 
immediate process of creatinine formation in vivo. The ratio of daily 
urinary creatinine to total body creatine is nearly the same in different 
species (Table I). The ratio is close to that observed in autolyzing muscle 
extracts and to that observed and ¢alculated by means of equation (7) 
in solutions of phosphocreatine not containing any tissue extract. 

The main lines of the formation of creatine in the animal body may be 
considered as established (27-31). Normally the creatine formed is 
retained temporarily in the body as phosphocreatine; the end-product of 
its metabolism is urinary creatinine. The evidence presented above indi- 
cates that creatinine is formed directly by a non-enzymatic cleavage of 
phosphocreatine, presumably wherever the latter substance exists in the 
tissues, and hence mainly in the skeletal muscle. 

This conception of creatine-creatinine metabolism is in accord with 
nearly all the data in the literature on normal and abnormal creatinine 
excretion and creatinuria and on the effects of feeding creatine or increased 
amounts of its physiological precursors in normal and in pathological con- 
ditions; it is in accord with the urinary and muscle findings in the different 
myopathies. Space does not permit presentation of the data and dis- 
cussion of them here. 

A few findings reported in the literature are not in accord. Outstand- 
ing among these is the condition in birds. The major fraction of the 
creatine plus creatinine they excrete is creatine (7,32). There has been 
little study of this aspect of the metabolism of birds, and further investiga- 
tion is needed. There are some features of creatine formation in birds 
which differ from those in other animals (27). 

In some experiments on man after feeding creatine the data reported 
give more extra creatinine in the urine than could have arisen spontane- 
ously in the time interval if all the creatine had been converted to phospho- 
creatine, and, of course, much more than could have arisen directly from 
creatine (33-35). In most short period experiments little or no extra 
creatinine was excreted after feeding moderate amounts of creatine. An 
explanation may be found in the experiments recently reported in a note 
by Fisher (36). When rabbit kidney was perfused with creatine (10 to 
30 mg. per cent) and a-phosphoglycerol, large amounts of creatinine 
appeared in the perfusate. The requirement of a-phosphoglycerol suggests 
that the creatine was first converted to phosphocreatine. There may be 
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an enzyme in kidney which accelerates the decomposition of phospho- 
creatine to creatinine and inorganic phosphate. Lohmann (10) found no 
evidence of a phosphatase for phosphocreatine in heart or skeletal muscle. 
It is unlikely that the kidney is the sole or main site of creatinine formation 
in vivo. If it were, extra creatine production or the feeding of creatine 
would be followed by increased excretion of creatinine, which is rarely the 
case. Against the hypothesis of kidney as the main site of formation of 
urinary creatinine also are the observations of Chanutin and Silvette (37) 
on the rapid accumulation of creatinine in the blood of nephrectomized 
rats, the rise in blood creatinine in clinical and experimental kidney disease, 
and the concordance of the observed ratio of urinary creatinine to total 
body creatine with that calculated by means of equation (7) and the 
total creatine in the muscles. 

Assigning to phosphocreatine the réle of immediate precursor of urinary 
creatinine is, of course, only a modification of the view propounded more 
than 30 years ago by Shaffer (1), Myers (2, 38), and Spriggs (39) that body 
creatine is the precursor. Our findings are in accord also with the mech- 
anism of the reaction suggested by Lipmann (40).4 


SUMMARY 


1. The following reactions ensue in aqueous solutions of phosphocreatine 
at 38°; (A) phosphocreatine — creatinine + inorganic phosphate; (B) 
phosphocreatine — creatine + inorganic phosphate; (C) creatine — 
creatinine. 

2. They are first order reactions and proceed independently of each 
other. 

3. An equation is developed by means of which the rate constants of 
reactions (A) and (B) can be determined. The rate constant of reaction 
(C) was determined independently. The values of the rate constants at 
38° over the pH range 6.0 to 7.5 are given. Reaction (A) is 3 to 4 times 
faster than reaction (C). 

4. The combined rate constants of reactions (A) and (C) are sufficient, 
without postulating the intervention of an enzyme, to correlate quantita- 
tively the reported concentrations of phosphocreatine in muscle and the 
creatinine excretion in all animal species on which data are available, ex- 
cept birds, and the rate of formation of creatinine in autolyzing muscle. 

5. The concept of phosphocreatine as the main immediate precursor of 


‘Our work with phosphocreatine was nearly completed and had been put aside 
at the time the above suggestion was published. We were unaware of it when we 
referred to the present work in a brief reference (41). We now wish to thank Dr. 
Lipmann for drawing our attention to his illuminating suggestion. 
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urinary creatinine does not, as it stands, account for the excretion in birds 
of much more creatine than creatinine, nor for some few instances in man, 
in which more creatinine has been reported excreted than can be acccunted 
for by postulating its prior transformation to phosphocreatine and sub- 
sequent non-enzymatic hydrolysis of the latter. 
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The chemical compositions of T; bacteriophage, reproduced in Escherichia 
coli B grown in lactate, glucose, or broth media, have been reported by 
two laboratories (1-3). The presence of large amounts of desoxyribose 
nucleic acid (DNA) in this bacterial virus, regardless of the conditions of 
growth, has been described. This type of nucleic acid also appears to 
be present in the T,, T;, and T, bacteriophages.’ Ultraviolet irradiation of 
T, disrupted the limiting membrane of the particle and liberated non- 
sedimentable DNA into solution (4). Although most of the DNA is or- 
ganized within the virus, it has been found that 30 per cent of the total 
DNA appears to be present at the surface of T, grown in lactate media.” 

Streptomycin contains the diguanido base, streptidine. From theoretical 
considerations it was anticipated that streptomycin would combine with 
the phosphorylated nucleic acids to produce polymeric compounds whose 
size would depend on the combining ratios of the polyvalent base to poly- 
valent nucleates. This was found to be true, and at some ratios lattice 
formation continued until precipitates formed.* That the diguanido por- 
tion of the molecule was not solely responsible for this complex formation is 
suggested by the inactivity of streptidine itself in producing these lattices. 

Since T; bacteriophage (T:-F) contained about 40 per cent of DNA, 
it was considered of interest to test its precipitability with streptomycin. 
Complexes of streptomycin and T:-F precipitated and this suggested a 
surface orientation of DNA in the virus. In addition, streptomycin nucle- 
ates and complexes of virus and streptomycin were dissociated in M NaCl, 
as were thymus nucleohistone and nucleoprotamines (5). 

Concentrates of T.-F possessed a relatively high viscosity which was 
specifically reduced by desoxyrihonuclease (DNase) and not by ribo- 


*The work described in this paper was aided by the Office of Naval Research. 
18.8. Cohen and T. F. Anderson, unpublished data. 
? Virus produced by parasitizing Escherichia coli B in lactate medium (F) or nutrient 
broth (N) will be termed T:-F or T:-N respectively. 
* I am indebted to Dr. P. Gyérgy of this department for suggesting the possibility 
of this acid-base interaction. 
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nuclease, trypsin, chymotrypsin, or lysozyme. The specific reduction in 
viscosity occurred without loss of virus activity. After DNase digestion, 
30 per cent of the previously sedimentable DNA of T,-F was separable from 
the virus by high speed centrifugation and the DNase-treated virus had 
become non-precipitable by streptomycin. 

It was noted that concentrates of T, prepared from broth lysates (T2-N) 
had a low viscosity and were not precipitated by streptomycin. This sug- 
gested that virus grown in nutrient broth might have lost the external coat 
of DNA owing to the activity of an enzyme in broth lysates. It has been 
observed by Hook et.al. (6) that T, grown in a defined glucose medium 
possesses dimensions which are slightly but significantly greater than the 
same strain of T; grown in broth (T:-N). The T:-N preparations were 
also more stable than the virus grown in the defined medium. 

It was found that broth lysates do contain active DNase capable of re- 
ducing the viscosity of T:-F concentrates, whereas this enzyme was not 
found in lactate lysates. Furthermore, the relatively unstable T:-F after 
treatment with DNase became as stable as T,-N. 

Thus T,-F appeared to have an outer layer of DNA removable by DNase. 
On the other hand, the same strain of virus, T:-N, devoid of this outer 
layer, appeared to have been already degraded by DNase as a result of 
growth in a host elaborating this active enzyme in nutrient broth. Varia- 
tions in the composition’of the medium had thus produced variations in the 
chemical composition, surface structure, stability, reactivity with strepto- 
mycin, and the viscosity of concentrates of T, bacteriophage. 


Materials and Methods 


Nomenclature—The relationships of the organism and virus used in these 
studies to the system of other workers have been described previously (1). 
T, appears to be identical with the PC phage used by Jones (7) in her studies 
of the streptomycin inactivation of bacteriophage. 

Media—Escherichia coli B was grown in two media. The defined 
medium (F) contained 10 gm. of sodium lactate, 1 gm. of NH,Cl, 0.7 gm. 
of K,HPO,, 0.3 gm. of KH,PO,, 0.1 gm. of NasSO,, and 0.01 gm. of MgSO, 
per liter of distilled water. The nutrient broth contained 8 gm. of Difco 
nutrient broth and 5 gm. of NaCl per liter of distilled water. Nutrient 
agar for slants contained 20 gm. of Difco Bacto-agar, 15 gm. of Difco nu- 
trient broth, 5 gm. of NaCl per liter of distilled water. Plating agar con- 
tained 15 gm. of agar per liter of broth medium. 

Preparation of Bacteria and Lysates—Overnight liquid cultures were made 
by inoculating the appropriate medium with bacteria from a slant. The 
inoculated media were aerated at 37° for 18 hours. At the end of this time 
they contained about 5 X 10° viable bacteria per cc. For every 10 cc. of 
the appropriate medium, 0.05 cc. of the overnight culture was added and 
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the mixture was aerated at 37°. The number of viable organisms was 
correlated with the turbidity of the bacterial suspension as determined in 
a Klett-Summerson photoelectric colorimeter with a No. 420 filter. Cul- 
tures were grown to 10° bacteria per cc. determined turbidimetrically, 
and inoculated with T; bacteriophage at a concentration of 10° virus par- 
ticles per cc. The cultures were aerated at 37° overnight. The resulting 
lysates, containing about 3 X 10° T;-F or about 7 X 10° T:-N per ce., were 
sedimented at 4000 r.p.m. for 1 hour and the supernatant fluids were stored 
at 4°. 

Preparation of Purified Bacteriophage—The preparation of concentrates 
of T, and their properties have been described (1). Some of the prepara- 
tions of purified T, employed in these studies were kindly given to me by 
Dr. T. F. Anderson of the Johnson Research Foundation of the University 
of Pennsylvania. Others were prepared by the same method in this 
laboratory. Virus assay followed the procedure of counting plaques de- 
scribed by Delbriick and Luria (8) with the spreading and layering modi- 
fication used by Hershey (9). A virus aliquot was introduced into 2.5 ec. 
of melted agar containing 7 gm. of agar per liter of broth medium at 45°. 
The contents of the tube were poured on a solid agar plate, permitted to 
solidify, and the plate was incubated at 37° overnight. 

Other virus preparations have been similarly prepared by differential 
centrifugation of lysates. These include T; from nutrient broth (T;-N), 
Tyt from lactate media (Tyr+-F), T+ from nutrient broth (Tywt-N), and 
Ty from nutrient broth (Ty-N). The term r+ refers to the size of plaque 
observed in the assay of the wild type of T;. The absence of plus indicates 
that we are dealing with the mutant, Tyr, differing from the wild type with 
respect to the “‘r’’ characteristic, namely the size of plaque reflecting the 
rapidity of lysis. The preparations of T; used in these experiments were 
of the “r*” type. 

We are indebted to Dr. W. M. Stanley of the Rockefeller Insitute for 
purified preparations of tobacco mosaic virus and tomato bushy stunt virus. 

Analyses—The diphenylamine procedure (9) and the perchloric acid- 
tryptophane (10) method were employed for the estimation of DNA. 
Phosphorus was estimated by the method of King (11). Nitrogen was 
determined by the Kjeldahl procedure (5). 

Viscosimetry—5 cc. aliquots of the appropriate mixtures were examined 
in Ostwald viscosimeters at 37.0° + 0.1°. 

Substances—Streptomycin (Abbott) of about 50 per cent purity was 
employed in initial experiments. These studies were repeated and ex- 
tended with crystalline streptomycin trihydrochloride and streptidine 
sulfate kindly given to us by Dr. O. Wintersteiner and Dr. J. Dutcher of 
The Squibb Institute for Medical Research. 

Highly polymerized sodium desoxyribose nucleate (NaDN(p)) was 
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prepared from thymus. Fresh minced thymus glands were extracted with 
2 cc. of H,O per gm. of tissue at 4°. The nucleohistone in the extract was 
precipitated by adding NaCl until the solution was 0.14 m with respect to 
this salt. The sediment was collected by centrifugation and dissolved in 
mMNaCl. The residual thymus was extracted overnight at 4° with m NaC] 
and the viscous extract was pressed through cheese-cloth and precipitated 
by pouring into 6 volumes of water. The precipitate was redissolved in u 
NaCl, combined with the saline solution of dissociated nucleohistone (5), 
and reprecipitated at 0.14 mM NaCl., The sediment of reassociated histone 
and nucleate was redissolved in M NaCl, adjusted to pH 11.0, and mixed in 
a Waring blendor for 2 minutes with 0.5 volume of CHCl;-caprylic alcohol 
(8:1). The mixture was sedimented and the aqueous layer removed from 
the gel interface. The histone denaturation was repeated until the aqueous 
layer gave a negative biuret reaction. The pH was reduced to 6.5 with 
HCl, and the viscous solution of sodium desoxyribonucleate was poured into 
2 volumes of chilled alcohol. After standing at 4° overnight, the precipi- 
tate was removed by filtration with suction and washed with alcohol and 
ether. The white fibrous material was dried in vacuo over P2O5. It has 
been found that deproteinizing in this manner proceeds more readily at pH 
11 than at a lower pH. 

Depolymerized sodium desoxyribose nucleate (NaDN (d)) was prepared 
according to Levene and Bass (12). Two depolymerized sodium ribose 
nucleates were used, the first that of the Schwarz Laboratories, and secondly, 
material purified according to Kunitz (13). These three materials were 
alkali-degraded as a result of the method of preparation. 

Oxidized cellulose, containing 19.5 per cent carboxyl and 0.3 per cent 
nitrogen, was obtained from the Tennessee Eastman Corporation. It was 
dissolved on the addition of 0.5 per cent NaOH to pH 7.0. 

We are indebted to Dr. M. McCarty of the Hospital of the Rockefeller 
Institute for the preparation of pancreatic desoxyribonuclease employed 
in these studies. This preparation possessed no proteolytic activity at the 
concentrations employed, as measured by the inability to reduce the vis- 
cosity of gelatin at 37°. Unless otherwise indicated, the enzyme was 
activated by MgCl, and stabilized by gelatin according to McCarty (14). 

The preparations of crystalline ribonuclease, trypsin, and chymotrypsin 
were kindly given to us by Dr. M. Kunitz of The Rockefeller Institute 
at Princeton. 


EXPERIMENTAL 


Formation and Dissociation of Streptomycin Nucleates—The addition of 
1.0 per cent streptomycin (Abbott) to neutral solutions of polymerized 
NaDN resulted in the formation of opalescent solutions or flocculent pre- 
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cipitates, depending on the amount of streptomycin added. Repetition 
of this with 0.5 per cent solutions of crystalline streptomycin trihydrochlo- 
ide produced essentially similar results, showing a narrow region of soluble 
opalescent complex formation and a wide region of flocculation. Resolu- 
tion of the floccules on continued addition of streptomycin was not ob- 
served. The development of the complexes was followed quantitatively 
by adding small aliquots of the appropriate streptomycin solution to 3.0 
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Fic. 1. Complex formation, as measured by turbidity increase, on the addition of 
streptomycin to solutions of anionic polymers. 


ce. aliquots of 0.1 per cent nucleate and examining the opalescent or turbid 
mixtures in a Klett-Summerson photoelectric colorimeter with a No. 420 
filter. In most of the turbidity studies in which relatively large amounts of 
streptomycin were required, the product of 50 per cent purity was used. 
The validity of the use of impure streptomycin was established by qualita- 
tive studies with smaller volumes of the crystalline trihydrochloride. The 
results of a number of studies are presented in Fig. 1. Some experiments 
with crystalline streptomycin and streptidine are included in Fig. 1. 
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Depolymerization of NaDN with DNase to a viscosity of less than 10 
per cent of the original did not reduce the precipitability of the resulting 
NaDN after 1 hour of depolymerization. Flocculation occurred in the 
same manner as with NaDN(p). We have observed that treatment of 
NaDN(p) with this enzyme for 1 hour hydrolyzed only a very small per- 
centage of the phosphate esters to liberate free acid. This suggests that 
the degraded NaDN employed in this instance still consisted of large mole- 
cules whose ability to form lattices was essentially unimpaired. 

On the other hand alkali-degraded sodium nucleates such as NaDN(d) 
and NaRN (Schwarz) have markedly altered turbidity development curves 
which appear to be a function of the considerably reduced size of the mole- 
cules as well as the increased valence per mg. of the smaller polynucleotides. 
Polycarboxylated compounds, such as the sodium salt of oxidized cellulose, 
were also capable of reacting with streptomycin, as presented in Fig. 1, 
All of these compounds were dissociated in mM sodium chloride as well as 
somewhat lower concentrations of salt, as indicated by the total disappear- 
ance of opalescence or turbidity. 

Streptidine, 1 ,3-diguanido-2 ,4,5,6-tetrahydroxycyclohexane, was in- 
capable of forming polymers of this type (cf. Fig. 1). This suggests that 
the weak basic group of streptobiosamine is essential for lattice formation. 
The addition of streptomycin trihydrochloride to NaDN(p) at pH 11.0 
at concentrations for maximal precipitation did not result in precipitation. 
The addition of weak acid to this mixture resulted in the development of 
turbidity and precipitation between pH 7 and 8. It has been found by acid 
titration of streptomycin that the third and weakest basic group binds acid 
below about pH 9.0 and its titration is at least 80 per cent complete at pH 
7.0 (15). Thus one basic group, which participates in and is essential for 
lattice formation, has a low pK of the order of that in streptobiosamine. 

Precipitation of T:-F Bacteriophage—Ultracentrifugally prepared con- 
centrates of T:-F in 0.85 per cent NaCl at 10" active particles per cc. and 
higher were precipitated on the addition of 0.5 per cent streptomycin 
sulfate. Approximately 40 per cent of the amount of the pure antibiotic 
was required for maximal precipitation of T,-F containing a definite amount 
of DNA, as was required for an equivalent amount of NaDN(p). When 
the virus contents of the supernatant fluids of different T.-F preparations 
were determined immediately after treatment with streptomycin and cen- 
trifugation of the precipitate, they represented reductions of 99, 94, 93, 
88, 65, and 60 per cent respectively of the initial virus activity. It will 
be noted in a subsequent section that loss of virus of this magnitude is 
considerably greater than that observed with T;-N preparations in the 
presence of streptomycin for several hours. 

The precipitation of T:-F occurred in thin sheets if solutions of the anti- 
biotic were added slowly to the virus solutions or long fibrous strands when 
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the mixture was agitated. These precipitates were totally unlike any of 
the other types of flocculent compounds in appearance. Agitation in M 
sodium chloride resulted in the dissociation of the precipitates. 

Enzymatic Degradation of T;-F—The formation of streptomycin precipi- 
tates with this virus, which contained about 40 per cent NaDN (1), sug- 
gested that some of the NaDN was organized at the Surface of the particle. 
It was considered that the interaction of T,-F, manifested in the relatively 
high viscosity of concentrates of this material of titer 10" per cc. or higher, 
might be a function of nucleic’ acid interaction. The viscosity of T.-F 
in the presence of various enzymes was therefore studied. 

To 2 ec. aliquots of thrice sedimented T,-F in 0.85 per cent NaCl at a 
titer of 5 X 10" per ce. were added 2 cc. of 0.05 N veronal at pH 7.2 for 
studies with DNase, ribonuclease, and trypsin, or 2 cc. of 0.05 N acetate 
at pH 5.0 for the test with lysozyme. To 4 cc. of these mixtures in viscos- 
imeters at 37° were added 1 ec. of 0.0001 per cent DNase, 0.01 per cent 
ribonuclease, 0.01 per cent trypsin, or 0.01 per cent crystalline lysozyme. 
The control addition contained 2 ec, of 2.5 per cent gelatin and 130 mg. of 
MgCl, per 100 ce. The results presented in Fig. 2 demonstrate that the 
viscosity of T,-F concentrates is specifically reduced by desoxyribonuclease. 

The various preparations were assayed and were found not to have lost 
activity. 2 ce. aliquots were sedimented at 60,000g for 1 hour and the 
supernatants were assayed for activity and tested for DNA. The sedi- 
ments were resuspended in 0.85 per cent NaCl and tested for streptomycin 
precipitability. It was observed that, whereas the pellets of DNase- 
treated T.-F were readily resuspended, the pellets of the control and other 
preparations were relatively sticky and difficultly resuspended. These 
properties of the control and DNase-treated T,-F are summarized in Table 
I. The fine turbidity developed on addition of streptomycin to DNase- 
treated T.-F is presumably due to reaction with soluble depolymerized 
DNA which the preparation contains before ultracentrifugation. The 
sedimented DNase-treated virus did not give this turbidity. 

Properties of T.-N—Concentrates of T,-N, similarly prepared, having a 
titer of 10" to 10" active virus particles per cc., possessed a low viscosity, 
comparable to that of an equivalent titer of DNase-treated T:. These 
preparations were not precipitated by 0.5 per cent solutions of streptomy- 
cin. 

Preparations of T.-N had a markedly higher content of DNA per active 
particle than preparations of T;-F. Since repeated ultracentrifugation of 
T:-F is more likely to result in loss of titer than is ultracentrifugation of 
T.-N, it might be expected that T,-F would have a higher relative content 
of inactive particles and a higher ratio of DNA to activity than did T.-N. 
Nevertheless the reverse was consistently observed. 

Streptomycin Precipitability of Other Viruses—It was noted that 0.05 
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ec. of the ribonucleoproteins, tobacco mosaic virus at 10 mg. per cc., and 
tomato bushy stunt virus at 8 mg. per ce. did not precipitate when mixed 
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Fig. 2. Action of desoxyribonuclease on a T.-F concentrate 


TABLE | 
Properties of T,-F afler Digestion with Desoxryribonuclease 
Property Control DNase-treated 

Specific viscosity at 0.02 mg. P per | 0.233 0.0167 

ee, 
Streptomycin precipitability of total) Long strands Fine turbidity 

preparation 
Activity after incubation 1.98 X 10" per ce 2.08 X 10" per ce. 
DNA per ce. in supernatant fluid | 0.029 0.147 

after ultracentrifugation 
% total DNA in supernatant fluid | 6.6 33.3 
Resuspension of virus sediments Relatively difficult Easy 
Streptomycin precipitability of re- | Long strands None observed 


suspended virus 
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with 0.1 ec. of 1.0 per cent streptomycin. Under these conditions, T;-N 
at 8.8 X 10° per cc. formed a slight turbidity, as did one preparation of 
Tywt-N at 1.99 X 10" perce. Another preparation of Tyrt-N at 3.65 X 
10" and one of Tyr-N at 3.72 X 10" gave no precipitate. Preparations of 
of Tywt-F gave the same type of precipitation as T;-F. In contrast to the 
low viscosity of Tyr*-N, preparations of Tyr+-F were quite viscous. Thus 
the differences in viscosity and streptomycin precipitability noted between 
T.-F and T,-N appear to exist in the Tyr+-F and T,r+-N preparations as 


well. 


























Tasie II 
Properties of T.-F and T;-N 
A _ Fi F2 F: 

i MOIR oo icin esa ccecntscvcxe | 2.9 x 10° 9.6 X 10 1.7 X 10° 

DS BINS «oss ov ck cnn 1.05 & 10" 3.11 X 10% 6.1 X 10” 
Yield in concentration, %.............| 230 200 220 
DNA per cc. concentrate, mg....... | 0.075 0.047 0.090 
Streptomycin precipitability.......... | 2+ 4+ 4. 
Precipitability after DNase.......... | 0 0 0 
_ =s gins : Nt i Ne Na 
Titer of lysate*................ Lee] 54 X 10° 7.9x 10 | 7.6 x 10° 

lg ee | 9.9 x 10% 1.65 X 10" |. 1.05 X 10" 
Yield in concentration, %............. | 1l4 | 130 90 
DNA per cc. concentrate, mg.......... 0.482 | 0.644 0.468 
Streptomycin precipitability.......... | 0 | 0 0 
Precipitability after DNase........... | 0 | 0 0 











* After low speed centrifugation to remove débris. 


Properties of T.-F and T.-N—The previous data were obtained on various 
virus concentrates that had been prepared at different times. These prepara- 
tions varied in age, handling, ete. To afford a more careful comparison of 
the properties of these viruses and the media in which they were grown, 
three preparations each of T.-F and T:-N were made simultaneously as 
follows: Three 100 ce. aliquots of lactate (F) or nutrient broth (N) were ino- 
culated with Escherichia colt B and grown to 10° bacteria perce. Each was 
inoculated with the same sterile T.-F concentrate at a concentration of 10° 
perec. The cultures were aerated at 37° for 18 hours. The lysates were 
centrifuged at 4000 r.p.M. for 1 hour. The supernatant fluid was assayed 
for virus and aliquots were removed for estimation of desoxyribonuclease 
activity. The low speed supernatant fluid was sedimented at 60,000g for 
l hour. The pellets were resuspended in 0.85 per cent NaCl in one-six- 
teenth the volume of the original lysate. 
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These concentrates were assayed for activity, streptomycin sensitivity 
before and after desoxyribonuclease digestion, stability alone and in st repto- 
mycin, and DNA content. To 0.8 cc. of the F and N concentrates were 
added 0.1 cc. of 0.05 N veronal at pH 7.2 and 0.1 cc. of 0.0001 per cent 
DNase. The solutions were incubated at 37° for 2 hours. In Table I] 
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Fic. 3. Depolymerase (DNase) activity of lysates on T;-F 


are presented the titers of the lysates and concentrates, the recovery of 
activity after sedimentation, streptomycin precipitability, and the DNA 
content per cc. of concentrate. 

From these data it may be seen that the first sedimentation of T:-F 
consistently resulted in an apparent doubling of active virus. This sug- 
gests the separation of virus from an inhibitor present in F lysates. Un- 
published data on one-step growth of T, on Escherichia coli B in the lactate 
medium have frequently indicated the inactivation of about 30 to 50 per 
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cent of the virus immediately after maximal lysis. It is possible that an 
inactive complex of virus and inhibitor was dissociated simply by ultra- 
centrifugation; this phenomenon is frequently encountered in the ultra- 
centrifugation of mixtures of neutralizing antibodies and viruses. In 
addition, the previous observations on T,-F and T,-N with respect to strep- 
tomycin precipitability before and after DNase treatment have been con- 
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Fie. 4. The activation and stability of pancreatic desoxyribonuclease in lactate 
medium or nutrient broth. 


firmed on simultaneously prepared virus preparations derived from the 
same inoculum of T:-F. 

DNase Activity of F and N Lysates—To 2 ce. aliquots of T;-F at 5 X 10" 
per cc., previously demonstrated to be specifically reduced in viscosity by 
DNase only, were added 1 cc. of water and 2 cc. of the appropriate lysate 
clarified by low speed centrifugation. The viscosity changes of the mix- 
tures at 37° are presented in Fig. 3. 

Activity and Stability of Pancreatic DNase in Different Media—DNase 
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activity of N lysates over F lysates may be explained in many ways. Two 
possibilities were tested: (1) that nutrient broth activates DNase to a 
greater extent than the protein-free and Mg-low F medium; (2) that the 
stability of DNase is greater at 37° in broth than in lactate. Both 
conditions were found to be true. 
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Fie. 5. The inactivation of T, at 37°. ¢/co represents the fraction of residual acti- 


vity where co is the initial titer and c the titer at the time of assay after incubation. 


A 0.01 per cent solution of pancreatic desoxyribonuclease was freshly 
prepared in the absence of added MgCl, and gelatin. The enzyme was 
diluted 1:10 in broth or lactate (F) of the same pH. To 4 cc. of 0.1 per 
cent NaDN(p) were added 1 ce. aliquots of the diluted enzyme. From 
Fig. 4 it can be seen that DNase diluted in broth reduced the viscosity of 
NaDN(p) faster than the same quantity of enzyme diluted in F. 

The 0.001 per cent DNA in broth and F were kept at 37° for 18 hours. 
At the end of that time, 1 cc. aliquots were retested with 4 cc. of substrate. 


| 


| 
| 


; 
' 





D 
br 
in 


de 


in 

wa 
ba 
are 





Two 
to a 
it the 
Both 


urs. 
ate. 





Ss. S. COHEN 523 


DNase in F had lost all of its activity in contrast to the DNase added to 
broth, which still possessed some activity. These data also are presented 
in Fig. 4. 

Effect of DNase on Stability of T:-F at 37°—The concentrates of T, 
described in Table II were used in these studies. They included Ng, Fs, and 
DNase-treated F;. The concentrates in 0.85 per cent NaCl were diluted 
in saline to about 2 X 10° active particles perce. To0.5 cc. of diluted virus 
was added 0.5 ec. of 0.05 N veronal at pH 7.2. The solutions were incu- 
hated at 37° and assayed over a 6 hour period. The inactivation curves 
are presented in Fig. 5. The inactivation of these materials appears to 
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Fig. 6. The inactivation of T, by streptomycin at 37° 


follow a first order reaction; the velocity constant for the inactivation of 
T:-F is about twice that of T.-F treated with DNase and T,-N. 
Streptomycin Inactivation of T:—To 0.5 ec. of the same preparations of 
Ns, F3, and DNase-treated F; was added 0.5 ec. of 1.0 per cent crystalline 
streptomycin trihydrochloride in 0.05 N veronal at pH 7.2. The solutions 
were incubated at 37° and assayed over a 6 hour period. The inactivation 
of T;-N by streptomycin appears to follow a first order reaction, whose 
velocity constant is about 3.5 times that of T:-N in the absence of the anti- 
biotic, as is demonstrated in Fig. 5. On the other hand, the inactivation of 
T.-F by streptomycin is not a first order reaction (Fig. 5) but appears to 
be a bimolecular reaction, as established by the linear relation between 
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¢/c and time, observable in Fig. 6. Thus the inactivation of T,-N jg 


first order in the presence or absence of streptomycin, while the inactiyg. | 
tion of T.-F is first order in the absence of, and bimolecular in the presenee | 


of, streptomycin. DNase-treated T,-F is intermediate between T.-N and 
T:-F in the rate of inactivation in the presence of streptomycin but possesses 
a stability close to that of T.-N in the absence of the antibiotic. It js 
possible that on prolonged DNase treatment, T:-F would behave like T,-N 
in all respects. 


The data of T. inactivation by streptomycin have been plotted without | 


correction for the first order inactivation of T, alone. In view of the ab. 


sence of other data which might permit hypotheses as to the mechanism of 
streptomycin inactivation, the data are presented in this form. 
DISCUSSION 

It is a matter of interest that streptidine, which lacks antibiotic activity, 
is incapable of lattice formation with NaDN(p). This suggests a cis con- 
figuration of the guanido groups relative to the plane of the cyclohexane, 
resulting in a spatial orientation that prevents the two guanido groups in 
streptidine from linking two separated polymeric nucleic acids. On the 
other hand, it is probably not a coincidence with respect to the mechanism 
of antibiotic activity that streptobiosamine is essential to lattice formation, 


presumably by virtue of the third basic group which it supplies. Whether | 


the mechanism of in vive activity involves the binding of specific nucleic 
acid molecules essential for multiplication processes in the cell is still to be 
determined. It is possible that the conversion of the methylamine of 
streptobiosamine to a guanido group might increase the nucleic acid 
binding capacity at physiological pH and thereby increase the potency of 
streptomycin. 

Since the DNA on T:-F which may be removed by DNase is not essential 


to virus activity, the theoretical objection may be raised that this material | 


is not really part of the virus. Also it may be asked whether this material 
may not have been adsorbed to the virus after lysis. In regard to the first 
question, we may say in general that we know of no compound possessing 
biological activity in which every atom is essential for that activity. In the 
case of tobacco mosaic virus (16), for instance, a considerable percentage 


of amino groups may be covered without preventing the synthesis of virus | 


containing free amino groups. This question properly depends on a del- 
inition for the word “virus,” a term upon whose precise significance agree- 
ment has not yet been reached. It may be pointed out that the M protein 
of streptococcus May be stripped from the surface of the organism by pro- 


teolytic enzymes (17) without killing the organism or impairing its ability | 


to svnthesize M protein in subsequent generations. 
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In considering the important question of the nature and origin of the 
externally oriented DNA, (1) the sedimentation of DNA and virus, 
(2) the stability of T; as a function of DNA, (3) the inactivation of T; by 
streptomycin as a function of the surface DNA, and (4) the different sizes 
of T; in broth and simple medium according to Hook et al. (6) strongly 
suggest a structural réle of this material in the particle-bearing virus ac- 
tivity. The latter workers have described in addition the gradual decom- 
position of T; concentrates derived from synthetic media, with the libera- 
tion of soluble material, apparently containing nucleic acid. However, 
this decomposition product was not readily sedimentable, although it is 
possible that some was adsorbed to sedimenting virus. In our prepara- 
tions of T,-F, described above, the DNA was almost entirely sedimentable. 
Thus although the apparent external coat of DNA may be attributed to 
the adsorption of the decomposition product of T:-F, this does not seem 
likely, since non-sedimentable DNA was not found in the fresh and seem- 
ingly non-decomposed preparations of T.-F. Regardless of the origin of 
the external coat of DNA on T,-F, a structural difference between T.-F 
and T,-N appears to exist, since we have observed, in confirmation of 
Hook et al. (6), that T,-N does not readily liberate DNA, in contrast to 
T:-F. Our data suggest that the external coat of DNA is the cause rather 
than the result of this difference. 

Although tobacco mosaic virus appears to have its ribose nucleic acid 
in long strips at the surface of the particle (18), the nucleic acid does not 
react with ribonuclease while it is on the virus, nor is it removed from the 
virus by this or other enzymes (19, 20). Furthermore all procedures known 
to separate the nucleic acid and protein inactivate the virus. It would 
appear from the inability of tobacco mosaic virus to form a lattice with 
streptomycin and the ribonuclease insensitivity that the acid groups of 
this nucleic acid are oriented internally, in covalent linkage with groups 
of the protein. Thus the surface orientation of nucleic acid in different 
viruses may be accomplished in various ways, with more or less firmness 
and importance for the essential quality of the stimulation of duplication. 

In the case of the typhus vaccine, it was demonstrated that the main 
soluble antigen was a degraded product derived from epidemic rickettsiae 
by the proteolytic activity of the host (21). A similar relationship with 
respect to enzymatic degradation during cultivation has been noted in this 
virus system and it may be expected in general that the biologically active 
products of host-virus interaction are not solely the completed products of 
synthetic mechanisms. 


I wish to thank Miss Catherine B. Fowler for competent technical as- 
sistance during this work. 
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SUMMARY 


Streptomycin and desoxyribonuclease have been employed to study the 
surface structure of T, bacteriophage as a function of their ability to reat} 1. B 
with desoxyribose nucleic acid. The desoxyribose nucleic acid content 
stability, viscosity, precipitability, and rates of inactivation by streptomy. 
cin of T, bacteriophage have been found to be a function of the conditions 





of preparation of the virus. These differences appeared in T, preparations “— 
as Well. Parasitism of Escherichia coli B in F medium results in the pro. 
duction of virus coated with DNA. Parasitism in the host in nutrient 
broth results in virus free of this coat, possibly removed by the DNag 4 
liberated from the lysed organism. This DNase is activated and stabilized ¥ 
by nutrient broth. hes 
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Although the concentration of free a-amino acid nitrogen in human blood 
has been determined accurately by recently developed procedures (1), 
measurement of the concentrations of the individual amino acids awaits 
the establishment of specific methods for their determination. 

Glutamine comprises 18 to 25 per cent of the free a-amino N in human 
plasma (2). In addition, studies (3) in which microbiological assay 
methods were used give values for ten other amino acids whose total con- 
centrations account for 76 per cent of the value for the free a-amino acid 
N reported in the literature (1, 4, 5). From these figures it would seem 
that approximately all of the free amino acids in plasma can be accounted 
for, despite the fact that glycine, alanine, cystine, proline, methionine, and 
serine are not included. That these data are inconsistent is indicated from 
evidence presented below that glycine plus alanine constitutes 24 per cent 
of the a-amino N of plasma. This finding also may reflect the fundamental 
réle of these amino acids in metabolism, despite the fact that they are 
considered “‘non-essential.”’ 

Little is known concerning the amino acids in erythrocytes. In a few 
recorded analyses, the a-amino N content has been shown to be about 
twice as great as that of plasma (1, 6). When, however, the values are 
corrected for the high glutathione’ content of red blood cells, the free 
a-amino N is reported to be almost the same as that of plasma (8). 

The development of specific methods for the determination of glycine and 
alanine (9, 10) made it desirable to establish the concentrations of these 
substances in the blood of normal subjects. Data are here presented on 
the content of alanine and glycine in human whole blood, plasma, and red 
blood cells under fasting and non-fasting conditions. In addition, alter- 
ations in the concentrations of these constituents consequent to the in- 
gestion of glycine are reported. 

* This study was supported by a grant from the John and Mary R. Markle Founda- 
tion. 

‘Glutathione interferes in the determination of free a-amino nitrogen by the 
ninhydrin-CO, method, since the free a-amino carboxylic group of its glutamic acid 
reacts with ninhydrin, evolving 1 mole of CO, per mole of the peptide (7). 
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Simultaneous measurements of the free a-amino acid N of blood ap 
included, and also some observations on the excretion of glycine in the 
urine. 

Method 


Glycine and alanine were measured by methods previously described 
(9,10). Total free amino acid N was analyzed according to the method gf | 
Hamilton and Van Slyke (1); picrie acid was used as the deproteinizing | 
agent. No allowance was made for the urea content of whole blood, whie | 
was presumed to be normal. 

Venous blood from laboratory workers, interns, and nurses was draw, 
into bottles containing 1 drop (desiccated) of 20 per cent potassium oxalate 
per 5 cc. of blood. For determinations of concentrations during the fasting 
state, blood was obtained just before breakfast after a 12 hour fast. Blood 
and plasma were deproteinized within 15 minutes after the blood was ob- 
tained, and the protein-free filtrates were stored in the refrigerator until 
determinations were made (most of them within 24 hours after the with. 
drawal of blood). The glycine, alanine, and free amino N of the red blood 
cells were calculated from the values obtained for whole blood and plasma 
and from the hematocrit which was determined in the routine manner, 
Almost all of the amino acid determinations were carried out in duplicate 
and the results were averaged. 

The effect of glycine administration was studied in three fasting subjects 
following the ingestion of 1 gm. of this amino acid? per 10 pounds of body 
weight. The material was given in 240 cc. of water or tomato juice. The 
values recorded.in these experiments are single determinations. 

For the measurement of the urinary excretion of glycine, the urine 
passed during a 24 hour period was collected in bottles containing 10 ee. d) 
toluene and 5 ec. of 10 per cent hydrochloric acid. During this same | 
period the dietary intake was recorded and its protein, carbohydrate, and| 
fat content was calculated. 


Results 


The concentration of glycine in the blood and plasma of ten fasted male 
and eight fasted females was strikingly uniform (Table I). The average 
concentration in blood was 2.02 mg. per cent (standard deviation 0.14), i 
plasma 1.77 mg. per cent (standard deviation 0.26), and in the red celk 
2.36 mg. per cent. 

Alanine was present in greater concentrations, mole for mole, than glyeine 
(Table I). The average amount in whole blood, plasma, and cells was the 
same, essentially 4 mg. per cent. Variation in the level of alanine from | 


?Glycine purchased from the Eastman Kodak Company, Rochester, New York. 
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individual to individual was somewhat greater than obtained with glycine, 
and there seemed to be no relationship between the concentrations of these 


TABLE I 
Distribution of Glycine and Alanine in Blood of Normal Fasting Subjects 
Values expressed in mg. per cent; C, and P, indicate concentration of glycine in 
ervthrocytes and plasma respectively, C, and P, alanine concentrations. 
























































Glycine concentration Ce | Alanine concentration C, | Hema- 
— re Poet wg EE ser: oy eg Be 
Blood | Plasma} Cells | Blood | Plasma} Cells os 
wy | per cent 
Males B.A. | 1.98 | 1.75 | 2.20 | 1.25 50 
G.G. | 2.12 | 2.15 | 2.08 | 0.96 | 44 
| | 3.71 | 3.66 | 3.78 | 1.03 | 45 
| 1.93 | 1.67 | 2.20 | 1.32 | 3.90 | 2.90 | 4.90 | 1.69 | 50 
| R.G. | 2.04 | 2.60 | 1.64 | 0.63 | 5.58 | 5.62 | 5.55 | 0.99) 58 
| M.B. | 2.15 | 1.98 | 2.48 | 1.25 | 4.33 | 4.26 | 4.43 | 1.04] 42 
L.S. | 1.90 | 1.54 | 2.33 | 1.51 | 3.84 | 3.52 | 4.22 | 1.20] 46 
B.O. | 2.08 | 1.52 | 2.77 | 1.81 | 2.79 | 3.01 | 2.52 | 0.84) 44 
D.H. | 2.02 | 1.85 | 2.21 | 1.20 | 4.16 | 3.80 | 4.47 | 1.15 | 52 
F.R. | 2.20 | 1.88 | 2.60 | 1.38 | 4.53 | 4.31 | 4.80 | 1.11 | 45 
C.R. | 1.76 | 1.47 | 2.06 | 1.40 | 4.57 | 4.80 | 4.32 | 0.90 | 49 
JH. 1.89 | 1.82 1.95 | 1.07 | 3.95 | 4.31 | 3.52 | 0.82 | 46 
Average 2.01 | 1.84 | 2.23 | 1.25 4.14 | 4.03 | 4.25 | 1.08 | 48 
Females | N.M. | 2.06| 1.75 | 2.53 “145 | | 40 
| 2.17 | 1.87 | 2.58 | 1.36 | 3.65 | 3.02 | 4.55 | 1.51] 41 
G.L. | 1.81 | 1.65 | 2.05 | 1.24 | 3.39 | 3.24 | 3.60/ 1.11 | 40 
I.E. — | 2.09 | 1.48 | 2.93 | 1.98 | 3.11 | 3.12 | 2.97 | 0.95 | 42 
L. R. 1.93 | 1.66 | 2.30 | 1.39 | 3.89 | 4.12 | 3.57 | 0.87 | 42 
B. S. 2.30 | 1.55 | 3.53 | 2.28 | 3.77 | 3.43 | 4.32 | 1.29 | 38 
M.M. | 4.12 | 3.99 | 4.32 | 1.08] 41 
1.95 | 1.77 | 2.22 | 1.26 | 4.00 | 4.20 | 3.71 | 0.88 | 41 
K. I. | 5.11 | 4.77 | 5.60] 1.17] 42 
B. B. | 3.28 | 3.7 | 2.65 | 0.71 | 43 
B. G. 1.81 | 1.72 | 1.95 | 1.14 | 3.89 | 4.54 | 2.95 | 0.65 | 41 
| 2.14 | 1.80 | 2.62 | 1.45 | 4.41 4.81 | 3.86 0.80 | 42 
Average 2.03 | 1.69 | 2.52 | 1.51 | 3.87 | 3.91 | 3.83 | 1.00 | 41 
Average of all | | | 
subjects 2.02 | 1.77 | 2.36 | 1.37 | 4.00 | 3.97 | 4.03 | 1.04 | 44 
{ 


Standard deviation.. | 0.14 | 0.26 | 0.40 | 


| 0.62 | 0.70 | 0.83 | | 
amino acids. No significant difference in alanine or glycine concentration 
was noted between males and females. 
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The concentrations of glycine and alanine recorded above are in good 
agreement with the observations reported recently by Christensen and 
Lynch (8). These investigators, employing the same analytical methods 
(9, 10), give plasma glycine values for five subjects which range from 1.9 
to 1.98 mg. per cent (average 1.66) and alanine levels on three subjects 
of 1.50, 2.42, and 3.94 mg. per cent (average 3.36). Their glycine and 
alanine determinations in erythrocytes are too few to be compared statis 
tically with ours. 

The average concentrations of free a-amino N in the blood, plasma, and 
erythrocytes of nineteen fasting subjects were 5.86, 3.93, and 8.48 mg. per 
cent respectively. The variation from individual to individual was con. 





TABLE II 


Blood Plasma Red cells 
Subject — —— — — ——— 
pag Glycine | Alanine iN Glycine | Alanine \* ed Glycine | Alanine 
M. B. 4.64 | 0.286 | 0.487 | 3.28 | 0.264 | 0.479 | 6.52 | 0.331 | 0.498 
B. O. 1.50 | 0.277 | 0.313 | 3.08 | 0.203 | 0.338 | 6.31 .| 0.369 | 0.283 
F. R. 4.93 | 0.293 | 0.509 | 3.57 | 0.251 | 0.484 | 6.59 | 0.347 | 0.539 
C.R. 1.86 | 0.234 | 0.514 | 3.31 | 0.196 | 0.540 | 6.46 | 0.275 | 0.485 
JH. 3.88 | 0.252 | 0.444 | 3.02 | 0.243 | 0.484 | 4.89 | 0.260 | 0.306 | 
G.L. | 3.44 | 0.241 0.381 | 2.48 | 0.220 | 0.364 | 4.89 | 0.273 | 0.404 | 
N. M. 4.07 | 0.260 | 0.449 | 2.73 | 0.236 | 0.472) 6.16 | 0.296 | 0.417 
B.G 3.96 | 0.241 | 0.437 | 2.81 | 0.229 | 0.510 | 5.61 | 0.260 | 0.331 
a th. 3.86 | 0.285 | 0.496 | 2.21 | 0.240 | 0.540 6.14 | 0.349 | 0.434 
Average. 4.24 0.263 0.448 2.94 0.231 | 0.468 5.95 | 0.307 0.421 





* Values expressed in milliequivalents of N per liter. 


siderable; in ten males the a-amino N in plasma ranged from 3.15 to 4.10] 
mg. per cent (average 4.38) and in nine females the values varied from 
2.95 to 3.99 (average 3.43). In whole blood the range for males was 4.1 
to 7.81, for females 4.34 to 6.35 mg. per cent. a-Amino nitrogen in red 
blood cells varied from 6.85 to 11.16 in men and 6.29 to 10.79 mg. per cent 
in women. For the whole group the standard deviation was 0.66 fa 
plasma, 0.94 for whole blood, and 1.58 for erythrocytes. 

The free a-amino acid N of plasma observed by us is perhaps slightly 
lower than that reported by others (1,5). More discordant is the fact that 
we find a difference in values between the sexes, although it does not appeat 
to be statistically significant. 

Glycine constituted 6.2, 8.0, and 5.2 per cent of the free a-amino \ 
in whole blood, plasma, and red cells respectively (Table II). The figures 
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for alanine were 10.6, 16.1, and 7.1 per cent respectively. Together they 
comprise a relatively large fraction (24 per cent) of the total free a-amino 
acid nitrogen in human plasma. This finding is not in accord with the 
recent reports of Hamilton (2) and Hier and Bergeim (3), whose data, 
taken together, leave little or no room for alanine and glycine or for aspartic 
acid, cystine and cysteine, methionine, proline, and serine, which have not 
been determined. According to the former authors, glutamine constitutes 
from 18 to 25 per cent of the free a-amino acid N of plasma. The latter 
observers account for 76 per cent of the total amino N in the form of ten 
other “essential” and “non-essential” amino acids. It is difficult to as- 
cribe this discordance to erroneously high values reported for glutamine. 
It is more likely referable to the microbiological assay methods employed by 
Hier and Bergeim (3), by which no distinction between free and bound 
amino acids is shown, whether the latter are “conjugated” or in peptide 
combinations (8, 11). 

Glycine and alanine comprise a smaller percentage of the free a-amino 
N of erythrocytes, despite the fact that the concentration of glycine is 
greater, and of alanine no less, in the cells than in the plasma. 

The free amino N of red blood cells is about twice as great as that of 
plasma. ‘This is in accord with the observations of other observers, who, 
using the same technique (1, 8, 12), report values which range from 6.5 to 
9.6, averaging about 7.7 mg. per cent. As has been pointed out by other 
observers (7, 8) glutathione contributes largely to the high amino N values 
obtained for erythrocytes.* It seems unlikely, however, that this is the 
whole explanation of the discrepancy between erythrocyte and plasma 
amino N, since, at most, red cell glutathione amino N (as measured by the 
determination of “bound” glycine (8) or the analysis of the glutathione 
directly (13, 14)) comprises only 2 to 3 mg.; if this is deducted from the 
total free a-amino N values for red cells, we are still left with a concen- 
tration of free a-amino non-glutathione N exceeding that in plasma. It 
should be noted, also, that irregularities in the recovery of glutathione in- 
filtrates of biological material deproteinized by agents other than sulfo- 
salicylic acid (8, 13) would tend to give erroneously low values for the 
a-amino N of erythrocytes which have been rendered protein-free by tungs- 
tie or picric acid. Accordingly, the difference between the free, non-glu- 
tathione, a-amino N of erythrocytes and plasma is probably even greater 
than indicated above. 

If from our observed values for red cell amino N (6.06 milliequivalents) 
we deduct the value of red cell glutathione obtained by others (2.14 millie- 
quivalents of a-amino N), we are left with 3.92 milliequivalents of non- 
glutathione a-amino N, of which glycine constitutes 7.8 per cent and al- 


*The concentration of glutathione in plasma is negligible (8, 13). 
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anine 10.7 per cent. The ratio of glycine to non-glutathione a-amino N i 
in the erythrocyte thus is practically the same as that in plasma (8.0 per c 
cent), whereas for alanine the relative concentration is greater in the plasma c 
(16 per cent) than in the cells (10.7 per cent). As far as we have been able 
to ascertain, similar studies have been made for only one other amino acid, a 
TaB_e III 
Blood Glycine and Alanine in Non-Fasting Normal Subjects 
Analytical values expressed in mg. per cent | 
| aa... aie | 
Subject pect 4 ae we a &e Alanine . Ca | Hemate 
csbums | Blood | Plasma} Cells | . Blood | Plasma} Cells ss 
| | | | Per cent 
G. L. 0 2.00 | 1.64 | 2.50 | 1.52 | 2.74 | 1.75 | 4.09 | 2.34 | 42.0 
2.00 | 2.30 | 
2.00 | 2.36 | | 
2.00 | 2.72 | 1.93 | 3.81 | 1.97 | 4.50 | 4.00 | 5.20 | 1.30 | 42.0 
M. M. 1.50 | 3.06 | 1.96 | 4.28 | 2.18 | 3.32 | 2.15 | 4.86 | 2.26 | 43.0 
0 1.95 | 1.77 | 2.22 | 1.26 | 4.00 | 4.20 | 3.71 | 0.88 | 41.0 
B. A. 0 1.98 | 1.75 | 2.20 | 1.25 | 2.16 | | 50.0 
1.25 | 2.42 | 1.96 | 2.88 | 1.47 | 4.16 | 4.40 | 3.92 | 0.89 | 50.0 
0* | 2.42 | 2.32 | 2.52 | 1.09 | 3.00 | 2.50 | 3.50 | 1.40] 50.0 
0.50 | 2.60 | 2.00 | 3.20 | 1.60 | 2.34 | 2.68 | 2.00 0.75 | 50.0 
1.00 | 2.86 | 2.24 | 3.48 | 1.55 | 4.18 | 4.32 | 4.04 | 0.94 | 50.0 
2.25 | 2.80 | 2.18 | 3.42 | 1.57 | 3.84 | 3.84] 3.841 1.00] 50.0 | 
3.25 | 2.64 | 2.06 | 3.22 | 1.56 | | 4.58 | 50.0 
i. 2.00 | 1.97 | 3.42 | | 
F. R. 2.00 | 2.26 | 1.72 | 3.13 | 1.82 | 3.84 | 4.16 3.31 | 0.80 | 38.0 
E.L. | 0.50 | 1.86 | 1.55 | 2.18 | 1.41 | 3.34 | 3.07 | 3.60 | 1.17 | 49.5 
W. R. 1.00 | 1.86 | 1.56 | 2.24 | 1.43 | 44.0 
G.G. | 0.55 | 2.35 | 2.02 | 2.74 | 1.36 | 6.40 | 4.16 | 9.00 | 2.15 | 46.0 ] 
I. E. 1.30 | 2.10 1.4] | | | gly 
8. C. 1.25 3.49 | 3.71 | 3.21) 0.87 | 43.0 | inn 
—__—— —_———|____|- _ ———|—_—_— plas 
Average of values the. 
during absorp- | | a te 
tive state | 2.41 | 1.93 | 3.12 | 1.63 | 3.94 | 3.73 | 4.30 | 1.15 | that 
aces = mien oral 
* This blood was obtained immediately before dinner, 3 hours after a light break- ficat 
fast. The time relationships of the subsequent analyses are based on this deter- 
mination. Tha 
tryptophane, whose concentration in cells is only one-fifth of that in plasma dica 
(12). This evidence suggests that the pattern of amino acids with respect} lund 
to their relative concentrations is different in the plasma from that in the} loo 
erythrocyte. body 
retu 


Blood glycine concentrations were higher in non-fasting than in fasting 
subjects (Table III). This was observed particularly in the cells, resulting} §rea 
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in an increase in the concentration ratio of cell to plasma glycine. On the 
other hand, no significant difference was observed between the alanine 
concentrations of fasting and non-fasting blood. 

Following the ingestion of glycine its concentration rises rapidly in plasma 
and erythrocytes, attaining its highest peak in from 1 to 1} hours (Fig. 1). 
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HOURS AFTER GLYCINE 

Fic. 1. Glycine N, alanine N, and total free a-amino N following ingestion of 
glycine. @ represents glycine N; O alanine N; 0 a-amino N. All values are given 
inmg. per 100 cc. The solid lines indicate whole blood; the broken and dotted lines, 
plasma; the dash lines red blood cells. As will be noted in the experiment on N. M., 
the control value of the a-amino N for whole blood is unfortunately missing, due to 
a technical error encountered in that analysis. In view of evidence (17) indicating 
that blood @-amino N returns essentially to normal within 3 hours following the 
oral or parenteral administration of amino acid mixtures, there might be some justi- 
fication for considering the 4 hour value of the above subject in lieu of the control. 


That glycine is easily absorbed from the gastrointestinal tract is thus in- 
dicated. This is in accord with the early observations of Folin and Berg- 
lund (15), who reported a rise of 3 mg. of amino N within 2 hours in the 
blood of a subject who had received 1.2 gm. of glycine per 10 pounds of 
body weight. Thereafter, the level declines rapidly (Fig. 1) but does not 
return to the preingestion value within 5 hours. The early rise in glycine is 
greater in the plasma than in the red blood cells, resulting in a marked 
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decrease in the concentration ratio of cell to plasma glycine. This suggests 


either that glycine does not enter the erythrocyte readily or that the amino 
acid is rapidly converted there to something else. That red cell aming 
N rises much more than red cell glycine after the ingestion of this amino 
acid (Fig. 1) supports the latter view, if we consider that glycine may be 
rapidly converted in the cells to glutathione. 

The speed with which ingested glycine is absorbed into the blood stream 
has been referred to above. But the slowness with which the blood js 
completely cleared of its added glycine is noteworthy and is in discord with 
the behavior of most amino acids, which are rapidly removed (16, 17), 
Other observers have similarly noted the slowness with which the blood 
amino N returns to its control level following the ingestion of glycine. 
The administration of this amino acid apparently results in its accumu 
lation in other tissues also. It has been shown that of most amino acids 


only glycine causes a rise in the amino N of muscle; in liver, it caused a _ 


greater rise in amino N than any other amino acid (18). These facts ar 
also consistent with evidence (19, 20) that glycine, in contradistinction to 
other amino acids, is deaminated and oxidized with great difficulty by 
tissue slices or suspensions of broken cells.‘ 

On the other hand, it has been conclusively demonstrated by means of 
glycine tagged with carbon isotopes that its metabolism starts immediately 
following its administration, since isotopic carbon dioxide soon appears in 


the expired air (22). Nevertheless, glycogen formation from glycine does 


not take place till 6 hours after its administration (23). 

It is conceivable that the slowness with which ingested glycine is com- 
pletely cleared from the blood is due in part to delayed excretion into the 
urine. Our observations indicate that only very small amounts of glycine 
are excreted, even when there are large amounts in the blood. After the 
administration of this amino acid to two subjects (G. G., N. M.) only 38 
and 43 mg. were recovered in the urine in 3} and 5 hours respectively. 
One of these individuals excreted 98 mg., the other 148 mg. during 24 hour 
on another day, when the intake was derived solely from the diet (Table 
IV). It is unlikely, therefore, that the ingestion of glycine would greatly 
augment this figure. The per cent of the dose which appears in the urine 
(less than 1 per cent) is less than the values reported for the excretion a 
other amino acids. In dogs, 16 per cent of the amino N of a casein hy- 
drolysate is excreted within 1 hour (16), and, when pure amino acid mix 
tures are given orally and intravenously, 3 to 5 per cent and 2 to 16 per 
cent, respectively, are excreted in the urine (17). The reason for the small 

‘Although Ratner et al. (21) have recently described a specific enzyme, occurring 


in many animal tissues, which converts glycine to glyoxylic acid by oxidative deami- 
nation, there is no evidence that this occurs in intact tissues. 
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excretion of glycine following its ingestion may well be a reduction in 
glomerular filtration consequent to elevation of the plasma glycine con- 
centration (24, 25). It should also be noted that of the four amino acids, 
glycine, alanine, glutamic acid, and arginine, the rate of renal tubular 
reabsorption is highest for glycine (25), which also may account for the 
relatively small excretion of this amino acid in urine. 

The average amount of glycine excreted in the urine in 24 hours is 120 
mg. (Table IV). The variation from individual to individual seemed in- 
dependent of the sex, the volume of urine passed, its specific gravity, and 
the composition of the diet (carbohydrate, protein, or fat). One subject 
(A. R.), however, who excreted 227 mg. of glycine, had ingested the largest 
number of calories of our series; a large fraction of the caloric intake came 
from protein and fat. 








TaBLe IV 
Glycine Excretion in Normal 24 Hour Urine 
Subject Urine volume Glycine | Total glycine | Calories ingested 
= ce. y per ce. me. 
G.G., do 1049 93.0 97.7 
1135 72.8 82.6 2223 
N.M., 9 2350 63.8 148.0 1656 
W.B.,¢ 1065 115.0 122.5 1953 
945 109.2 103.1 1432 
I. E., 9 930 117.4 109.2 1635 
} 1330 93.8 124.8 1530 
nm, 9 755 127.2 96.2 1643 
G. L., 9 1173 75.0 88.0 
im, 1158 196.0 227 .0 3011 
Average ies | 119.9 


Erythrocyte and plasma alanine also rise slightly following the ad- 
ministration of glycine (Fig. 1); although the change is small, it is signi- 
ficantly outside the limits of error of the analytical method. The expla- 
nation of this observation is obscure. 

In two cases studied (N. M. and G. L.) the free a-amino N of the blood 
paralleled the changes in glycine and alanine. 1 hour after glycine was 
taken, when changes in glycine concentration were maximal, the rise in 
a-amino N could be accounted for almost completely by the rise in glycine 
plus alanine. At this point, the difference between the rise in amino N 
and the increase in glycine plus alanine was 0.4 to 0.5 mg. of N. Occasion- 
ally thereafter discrepancies of as much as 1.83 mg. of N were observed. 


We are indebted to Miss Norma Miller for technical assistance. 
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SUMMARY 


1. The concentrations of glycine, alanine, and free a-amino acid nitrogen 
in normal blood, plasma, and red blood cells have been established. 

2. Glycine plus alanine constitutes 16.8, 24.1, and 12.3 per cent of the 
amino N in whole blood, plasma, and erythrocytes respectively. 

3. Following the ingestion of glycine, the concentration of this amino 
acid in the blood increases rapidly, then declines, but returns to its previous 
level slowly. There is a small concomitant rise in blood alanine. The 
changes in free a-amino nitrogen parallel those of glycine plus alanine. 

4. The urinary excretion of glycine during 24 hours, and after its ip. 


gestion, is small. 
5. The possible significance of these observations is discussed. 
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A MICROCOLORIMETRIC METHOD FOR THE DETERMINA- 
TION OF MANGANESE IN BIOLOGICAL MATERIALS WITH 
4,4’-TETRAMETHYLDIAMINOTRIPHEN YLMETHANE 


By ELIZABETH M. GATES ann GORDON H. ELLIS 


(From the United States Plant, Soil, and Nutrition Laboratory, Agricultural Research 
Administration, United States Department of Agriculture, Ithaca, New York) 


(Received for publication, January 13, 1947) 


In studies of manganese deficiency in the rabbit,! a method for the deter- 
mination of this element in small samples of blood serum and other tissues 
was needed. The most promising of the organic reagents suitable for 
manganese appeared to be 4,4’-tetramethyldiaminodiphenylmethane, 
which has been used by Harry (1) in a colorimetric procedure and by Mellan 
(2) as a spot test reagent. Preliminary tests showed that 4,4’-tetra- 
methyldiaminotriphenylmethane is approximately 10 times as sensitive 
as the diphenyl compound; consequently this investigation was limited to 
the triphenyl compound. 

The method consists of a periodate oxidation of manganese to per- 
manganate with subsequent development of a yellow color by the reaction 
of permanganate and 4,4’-tetramethyldiaminotriphenylmethane. 

Factors influencing the reactions involved were found to be the kind and 
concentration of acid used, the concentration of periodate, and the tempera- 
ture and time of reaction between the reagent and permanganate. An 
acid mixture of 0.6 N in HNO; and 3.2 Nn in HsPO, was found to be satis- 
factory. The concentration of periodate is kept sufficiently constant by 
measuring the required amount of sodium periodate with a bowl-shaped 
glass scoop. 

Oxidation of the reagent by periodate is appreciable at a temperature 
of 90-100° and is slight by permanganate at temperatures of 20-40°. If 
the reagent is added to the permanganate-periodate solution at 75-85°, 
the reaction with the periodate is not appreciable, while the reaction with 
permanganate is sufficient to yield a good color. A temperature of 80° 
was therefore chosen as most suitable. 

The measurement of the final color is made by means of a photoelectric 
colorimeter of the Evelyn type (3) with matched test-tubes 18 mm. in 
diameter. The course of the reaction is followed by noting the galvanom- 
eter reading, and the lowest per cent transmittance is taken as the final 
reading. 


* Ellis, G. H., Smith, S. E., and Gates, E. M., unpublished work. Smith, 8. E., and 
Ellis, G. H., unpublished work. 
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Method 

Reagents— 

Water. Redistil water from an all-Pyrex still. 

Nitric acid. Redistil a 1:1 mixture of c.p. concentrated HNO, and water 
from an all-Pyrex still. 

Phosphoric acid. c.p., 85 per cent. Different bottles of the same lot 
as well as different lots of phosphoric acid from the same company have 
been found to vary considerably in their manganese content. Choose a | 





supply giving a low blank. 

Acid mixture. To 600 ml. of 1 N HNOs (redistilled), add 75 ml. of 8 
per cent H;PO, and make to 1 liter with redistilled water. 

Sodium periodate. The grade supplied by the Eastman Kodak Company 
is satisfactory. 

Color reagent. Make a0.1 per cent solution of 4 ,4’-tetramethyldiamino- 
triphenylmethane in 5 per cent, by weight, H;PO,;. The reagent, as ob- ! 
tained from Eastman, can be used without further purification. This , | 
solution should be prepared daily and must be absolutely colorless. : 

Standard manganese solution. Dissolve 0.144 gm. of c.P. potassium per- 


manganate in about 100 ml. of redistilled water and reduce with sulfur i 

dioxide, as suggested by Richards (4). Boil off the excess sulfur dioxide 

and, after cooling, dilute to 1 liter. 1 ml. of this solution contains 0.05 

mg. of manganese, and a suitable working standard is prepared weekly 

from this stock solution. | 
Preparation of Samples. Bones—Ash in a covered porcelain or silica | 

dish for 18 hours at 600°. Add sufficient 1:1 HNOs (redistilled) to dissolve i 


the ash and evaporate to dryness on a hot-plate. Reash at 600° for another 
18 hours. Repeat if necessary to get a white ash. 


Blood or Blood Serum—Dry the sample in a porcelain or silica dish in ¢ 
a drying oven or on a steam plate. Start with a cool furnace, raise the | t 
temperature gradually to 600°, and hold for 18 hours. Add 3 ml. of 1:1 a 
IINQOs, take to dryness, and reash at 600° for a few hours. fi 
Liver—It is usually difficult to ash liver, and a few ml. of 20 per cent r 
magnesium nitrate added to the sample prior to ashing are helpful. Ash 
at 600°, as above. It is sometimes necessary to resort to three HNO; | v 
treatments before a white ash is obtained. | fi 
Procedure : 
Dissolve the ash in the least possible volume of the nitric-phosphoric | Oo 
acid mixture, warming gently to hasten solution. Transfer an aliquot of fs 
this solution containing 0.05 to 0.5 y of manganese to a 20 ml. glass le 
stoppered test-tube, make to 10 ml. volume with the acid mixture, and add fc 


50 mg. of NalO, (a glass measuring scoop is sufficiently accurate). Heat | 
for 1.5 hours in a boiling water bath. Transfer two 3 ml. aliquots to color- 
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imeter tubes, cover with an inverted micro beaker, and place in a water 
bath held at 80 + 1.0° for at least 10 minutes. Remove a tube from the 
bath, immediately add 3 drops of the 4,4’-tetramethyldiaminotriphenyl- 
methane solution, shake gently for 5 seconds, place in the colorimeter, and 
note the minimum galvanometer reading. ‘The filter used is made up of 
Corning standard thickness Filters 3387 and 3962 and half standard thick- 
ness Filter 5113. A complete set of standards must be run simultaneously. 
Reagent blanks should read 90 per cent transmittance or higher. 


DISCUSSION 

The determination is most conveniently carried out by two persons, one 
to operate the colorimeter and record the results and the other to prepare 
the samples for the colorimeter. 

Contamination is a big factor in reproducibility; samples should be cov- 
ered at all times to be protected from dust. During ashing Pyrex watch- 
glasses may be used. All glassware should be cleaned just prior to use 
with hot concentrated HNO; and rinsed with distilled water, followed by a 
small amount of redistilled water. Before the initial reading and be- 
tween subsequent readings the colorimeter tubes should be cleaned by 
rinsing with distilled water, followed by hot acid-mixture to which NalO, 
has been added. After draining, the tubes are ready for use. 

If samples are too concentrated, it is unnecessary to repeat the entire 
periodate oxidation if the sample is diluted with acid-mixture which has 
been boiled with NalO,y. The diluted sample is then heated for 10 minutes 
in the boiling water bath before aliquoting. 

Upon addition of the reagent, the rate of development and of fading 
of the yellow color depends upon temperature, light intensity, and con- 
centration of manganese. When the reaction is carried out according to 
the procedure described above, maximum color of the blanks develops in 
about 3 minutes, upon addition of the reagent, and then remains constant 
for about 5 more minutes. Standards containing 0.5 y of Mn per 10 ml. 
reach a maximum color in about 30 seconds and remain constant for about 
45 seconds more. The rate of color development and fading is the same 
with standard manganese solutions or with samples of bone, liver, Canada 
field pea hay, blood serum, and milk, indicating that interfering substances 
are absent from these materials. 

Since the color reaction is influenced by strong light, this work was carried 
out in a darkened room with the light covered by yellow cellophane? After 
fading for a half-hour or so, the yellow color remaining is stable for at 
least 20 hours. This stable color, however, did not prove as satisfactory 
for quantitative work as the maximum color. 


? No. 300 PRC tango, du Pont. 





540 MANGANESE DETERMINATION 


Various organic solvents listed in Table I will extract the yellow color 
and yield a blue solution in the non-aqueous phase, or, in the case of some 


TABLE I 
Color Reactions with Organic Solvents 
An equal volume of solvent added to a deep yellow-brown solution produced by 
the reaction of permanganate and 4,4’-tetramethyldiaminotriphenylmethane. 





Reaction 


Solvent 


Single phase 


Ethanol Colorless 


Acetone No change 
1.4-Dioxane Clear blue 
Pyridine = x 


sé 


Isopropyl! alcohol 
Double phase 
Skellysolve 


Solvent phase 
Colorless 


Aqueous phase 
Yellow 





Xylene ” . 
Carbon tetrachloride ” : 
Diethyl ether a iz 
Isoamy! acetate <i ™ 
Cyclohexane = " 
Benzene | Deep yellow Faint blue 
Chloroform Faint ‘“ Blue 
Isobuty! alcohol Colorless “ 
Cyclohexanol Yellow - 
Toluene | Deep yellow Faint blue 
Ethylene dichloride Colorless Blue 





TaBLe II 


Comparison of Manganese Values on Various Materials by Periodate and 
4,4'-Tetramethyldiaminotriphenylmethane Methods 





4,4’-Tetramethyldiaminotriphenyl- 











Sample | Periodate method ensthene saethed 
| | 
y per gm. > per gm. 
Soy bean hay 69.0 70.0 
57.5 59.8 
55.5 56.4 
Liver 0.375 0.385 
Bones 3.13 3.43 
2.77 3.35 
16.4 16.4 
7.88 8.72 
11.8 12.8 
14.4 14.4 
6.71 6.71 
11.6 10.6 
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water-miscible solvents such as isopropyl alcohol and 1 ,4-dioxane, a blue 
homogeneous solution is produced. The intensity of the blue color is 




















TABLE III 
Recoveries of Added M anganese 
Sample | 10 ml. solution = Added | Found Recovery 
= as e. | 7 4 i - | per cent ‘ 
Liver 0.094 0.050 0.142 96.0 
| 0.145 102.0 
| 0.150 112.0 
Soy bean hay 0.215 | 0.200 | 0.405 95.0 
| | 0.050 | 0.260 | 90.0 
Bone | 0.170 =| 0.200 0.350 | 90.0 
TaBLe IV 


Comparison of Manganese Values on Bone Samples Analyzed on Different Dates and 
with Different — 


| von 15, 1946 Apr. 18, 1946 

















Bone No. a Se 7 — in 
|_ 4 Aliquot analyzed “Mn per 8 r 10 a _ Aliquot analyze: zed Mn per 10 al. 
| ml. 7 ml. : Y 
1 5 0.134 10 0.137 
6 | 3 2.160 1 2.630 
2 5 0.100 10 0.110 
7 | 3 1.720 1 1.670 
9 5 0.116 10 0.115 
12 3 0.790 3 0.783 
16 5 0.118 10 0.109 
19 3 1.425 3 1.265 
20 5 0.168 10 0.169 
23 | 3 1.465 3 1.483 
35 5 0.160 10 0.155 
37 3 Over 2.7 1 3.560 
45 5 0.118 10 0.128 
48 3 1.400 3 1.435 
47 5 0.150 10 0.148 
49 3 2.310 1 2.810 
50 5 0.062 10 0.086 
5l 3 1.345 3 1.355 
53 5 0.088 10 0.086 
54 3 1.000 3 0.980 











roughly proportional to that of the yellow color and is somewhat more 
intense. If the need should arise for a more sensitive method, the use of 
such organic solvents offers a possible solution. 
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Results 


The validity of the method was tested by a comparison with the periodate 
method (5), as shown in Table II. Since results by the two methods were 
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WAVE LENGTH — MILLIMICRONS 

Fic. 1. Spectral transmittance curves for 4,4’-tetramethyldiaminotriphenyl- 
methane with manganese and the filter combination used in the determination of 
manganese. Curves were determined on the stable color with the Beckman spectro- 
photometer with 1 em. cells. Curve A, reagent blank; Curve B, 0.2y of manganese 
per 10 ml.; Curve C, 0.5 y of manganese per 10 ml.; and Curve D, light transmitted 
by combination of Corning filter Nos. 5113 (0.5 standard thickness), 3387, and 3962 
(standard thickness). 


in good agreement, no extensive tests for interfering substances were made. 
However, negative results were obtained with the following substances: 
iron, lithium oxalate, lead acetate and nitrate, copper acetate and sulfate, 
ammonium hydroxide and sulfate, magnesium sulfate, and silver nitrate. 
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The following substances gave a yellow color: chromium trioxide, 
ammonium vanadate, ceric ammonium sulfate, and ceric sulfate. The 
chloride ion also interferes and all samples containing chloride must be 
evaporated to dryness with 1:1 HNO;. Cerium and vanadium are not 
likely to be present in biological material to any appreciable extent, but 
care must be taken not to use glassware cleaned in chromic-sulfuric acid 
cleaning solution. 


100 
80 


60 


40 


20 


TRANSMITTANCE-PER CENT 





ce] 0.1 0.2 0.3 0.4 0.5 0-6 O.7 
MANGANESE CONCENTRATION 
MICROGRAMS / 10 MILLILITER 


Fic. 2. Typical manganese standard curve 


Recoveries of manganese added to various materials ranged from 90 to 
112 per cent (Table III). The data of Table IV show the reproducibility 
of the method carried out on different days with different sized aliquots 
of bone samples. 

The manganese method of Wiese and Johnson (6) was found by the 
authors to give erratic results when applied to samples containing less 
than a few micrograms of manganese. This is believed to be due in part 
to the difficulty found in obtaining samples of sodium bismuthate giving 








44 MANGANESE DETERMINATION 


a sufficiently low blank and in part due to contamination of the sample 
during filtration. Of six lots of sodium bismuthate obtained from various 
sources, only one gave a reasonably low blank, but even in this case the 
blank was considerably greater than that obtainable in the present pro- 
cedure. 

The absorption curve for the yellow color, as determined with a Beckman 
spectrophotometer, is shown in Fig. 1. The transmission of light by the 
colorimeter filter combination is also shown in Fig. 1. 

The standard curve in Fig. 2 shows that Beer’s law is not followed. 


SUMMARY 


A microcolorimetric method for the determination of manganese in 
biological materials with 4,4’-tetramethyldiaminotriphenylmethane is 
presented. Results obtained by this method are comparable with those 
obtained by the periodate method, and satisfactory recoveries of added 
manganese are shown. ‘The method is sensitive from 0.02 to 0.5 y of Mn 
per 10 ml. of solution, and results are reproducible on different days. 
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THE UPTAKE OF RADIOACTIVE PHOSPHORUS BY THE 
CALCIFIED TISSUES OF NORMAL AND CHOLINE- 
DEFICIENT RATS* 


By WILLIAM F. NEUMAN anv RICHARD F. RILEY 


(From the Department of Biochemistry and Pharmacology, The University of Rochester 
School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, February 3, 1947) 


In this laboratory in vivo studies of the uptake of phosphate containing 
radioactive P® by bone suggested that there is an appreciable ionic ex- 
change between bone and the circulating fluids (1). In a new series of 
experiments designed to observe the effect of dietary choline on bone me- 
tabolism, radioactive phosphorus, P®, was again employed. The newly 
acquired data have led to a reexamination of the magnitude of the ionic 
exchange process and have permitted a more accurate description of the 
mechanism by which radioactive phosphorus is transferred from the plasma 
to bone. 

EXPERIMENTAL 


Two groups of fifty male and two groups of fifty female rats were weaned 
and placed on an adequate synthetic diet (2). Young rats were employed 
because they are particularly susceptible to choline deficiency (3), and thus 
represented the type of experimental animal most likely to show bone 
changes. 

After 24 hours on the control diet to accustom all of the animals to a 
synthetic provision, one group of fifty males and one group of fifty females 
were placed on a choline-deficient diet. The choline-deficient was the same 
as the normal diet, except for the exclusion of the choline supplement and 
the inclusion of 0.5 per cent guanidoacetic acid. 

After 3 days on the synthetic provisions all animals were injected intra- 
peritoneally with inorganic phosphate containing P® and sacrificed in 
groups of five at intervals ranging from } to 16 hours after the injection. 

The femurs were removed and dissected free of flesh; the diaphyses were 
grossly separated from the epiphyses and the metaphyses (hereinafter 
designated femur ends), and the material from each group of five rats was 
pooled. The pooled samples, after consecutive 24 hour extractions with 


* The work described in this paper was done in part under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and The University of Rochester. Preliminary phases of 
this study were supported by a grant from the Nutrition Foundation, Ine., New York, 
to H. C. Hodge. 
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ethyl alcohol and ether, were ashed by boiling in 3 per cent potassium 
hydroxide in ethylene glycol to dissolve the organic matrix (4). Each 
sample of bone ash was dried to constant weight at 120° after washing with 
boiling water. The dried samples were dissolved in 2 N hydrochloric acid 
and diluted to suitable volumes for phosphorus (5) and radioactivity analy- 
ses. Radioactivity measurements were made on Bale immersion type, 
scale-of-four, Geiger-Miiller counters (6). The acid-soluble inorganic 
phosphorus from pooled blood samples of each group of five rats was isolated 
as the strychnine molybdate (7) for analysis and radioactivity measurement. 

The P® measurements were expressed as “specific activity coefficients” 
which are equal to the counts per minute per gm. of phosphorus divided 
by the counts per minute administered per gm. of body weight. 


Results 


In vitro studies in this laboratory’ have indicated conclusively that the 
inorganic substance of bone is capable of exchanging phosphate when sus- 
pended in a medium containing dissolved phosphate. With the available 
experimental methods, it is impractical to avoid such contamination of the 
inorganic phase of bone with high activity phosphate present in the tissue 
fluids which bathe the whole bone. It was necessary, therefore, to investi- 
gate the magnitude of P® exchange which occurs during the ashing process. 

The femurs of two rats were freed of adhering matter, covered with 25 ml. 
of 3 per cent potassium hydroxide in ethylene glycol, and allowed to simmer 
for 90 minutes. Then, 0.5 ml. of an aqueous solution containing radioactive 
phosphate (10,000 counts per minute = 2 y of phosphorus) was added and 
the solution allowed to simmer for another 90 minutes. The supernatant 
was decanted and the ashed bone washed repeatedly with small portions of 
distilled water. The washings were added to the glycol solution and made 
to a convenient volume. The ashed bone was dissolved in approximately 
2 ml. of 3 N hydrochloric acid and made to volume. Both the glycol and 
the solutions of bone ash were analyzed for phosphorus and radioactivity. 
The results are presented in Table I. From the data reported in Table J, it 
can be seen that when the initial radioactivity of the ash = 0 (just at the 
time of addition of the tracer) and the radioactivity of the phosphate in the 
glycol = 10,000 counts per minute (just at the time of addition of the 
tracer), further glycol treatment transfers on the average 25 per cent of the 
activity to the ash phase. 

If it is assumed that the phosphate extracted by glycol has the same spe- 
cific activity coefficient as that of inorganic phosphate of blood (a maximum 
value), a correction can be applied to results from in vivo experiments to 


' Falkenheim, M., Hodge, H. C., and Neuman, W. F., unpublished work. 








um 
ich 
ith 
cid 


pe, 
nic 
ed 
nt. 
i's” 


led 


Js- 
ble 
he 
ue 


nl. 
er 
ve 





W. F. NEUMAN AND R. F. RILEY 547 


reduce the error introduced by the transfer of activity during glycol extrac- 
tion by means of the following equation: 
Counts per minute in bone ash —0.25 (specific 

activity of blood inorganic P X mg. P in glycol) - os 
Sa ee . = corrected specific activity 


>; ( > > 
Mg. P in bone ash of bone ash 


Uptake of P® by Femur of Young Normal Rats—The radioactivity meas- 
urements obtained from the study of the inorganic phosphate of blood and 
of the two portions of femur are presented in Fig. 1. Both corrected and 
uncorrected data are given. During the first few hours the specific activity 
coefficient of the circulating inorganic phosphate fell very rapidly. By 16 
hours, the specific activity coefficient was decreasing quite slowly. On the 
other hand, activity appeared quickly in the phosphate of both portions of 


TaBLe I 
Distribution of Radioactive Phosphate between Bone Ash and Glycol-Soluble Material 


Femur ash Total P* added in 


weight Femur ash P Glycol P anid eal 
me. meg. még. : pon om - 
36.4 5.87 0.62 34.9 
35.7 5.79 0.56 24.5 
25.7 4.08 0.61 16.0 
28.0 4.41 0.56 24.8 
Average ae cat 25.0 


bone, but the level remained high and relatively constant in spite of the 
concurrent rapid fall in the activity of the inorganic phosphate of blood. 

The important difference between the corrected and uncorrected data 
which are presented in Fig. 1 is the slower rise in the corrected activity of 
the phosphate of bone ash in the early time periods. 

Uptake of P® by Femur of Young Choline-Deficient Rats—To provide 
comparisons between control and deficient animals with respect to both 
sex and uptake of radioactive phosphorus, the data obtained on choline- 
deficient rats are plotted in Fig. 2. All specific activity coefficient. have 
been corrected for error contributed by the extraction with ethylene glycol 
(vide supra). It is evident from these data that there are no consistent 
effects of mild choline deficiency on the uptake of radioactive phosphate by 
bone of either sex. 

In an earlier experiment, the results of which have been reported else- 
where (8), another group of rats in an extreme state of choline deficiency 
was examined for differences of uptake of radioactive phosphorus. Both 
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the tibias and femurs of the choline-deficient animals showed only slightly 
but consistently lower isotope levels than those of the controls. At the 
same time the isotope levels of the circulating blood of the deficient animals 
were somewhat higher than the controls. We now consider that the ad- 
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MINUTES AFTER ADMINISTRATION 
Fic. 1. Graphs showing the relationships between the concentrations of labeled 
phosphate in blood, femur ends, and femur shafts and time after administration of the 
isotope. The activity of labeled phosphate is expressed as the specific activity coeffi- 
cient which isequal tocounts per minute per gm. of phosphorus divided by counts per 
minute administered per gm. of body weight. The solid circles and solid squares for 
femur ends and shafts are observed values; the open circles and open squares are cal- 
culated values corrected for exchange during glycol ashing. 


vanced kidney dysfunction and the moribund state of the experimental 
animals invalidated the results. 

State of Calcification of Choline-Deficient Rats—Since the radioactivity 
results are inconclusive, corollary data have been examined to evaluate the 
effect of choline deficiency on bone metabolism. The body weight changes 
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and the weights of the inorganic ash of the femur and tibia of rats made 
more severely deficient in the earlier experiment are presented in Table IT. 
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of Sialed phosphate by femurs of male and female rats. co and 9 denote normal 
animals; the solid symbols, deficient animals. All data are calculated values cor- 
rected for exchange during glycol ashing. 


TABLE I] 


Body Weights and Weights of Inorganic Ash of Femurs and Tibias of Normal and 
5 Day ( ‘holine- Deficient Rats 














Body weight % Femur Tibia 

Group No. of | —-——--— - - a se _ 
animals | ae - Gain per ; : 

nitial Final 5 days Ash weight! Ash weight |Ash weight! Ash weight 

gm. | gm. | gm. | gm. 2 Bm J gm. py cent of 4 
Control 16 | 33.8 | 43.4 | 9.6 | 0.0282 | 0.634 | 0.0263 | 0.615 
s.p.* 2.2 | | 0.072 0.040 
Deficient 15 | 34.2 | 39.3 5.0 | 0.0284 | 0.738 | 0.0297 | 0.757 
s.p.* 2.5 0.046 | 0.053 








° Standard dovistion of the mean. 


These data illustrate the comparative states of calcification in the normal 
and 5 day-deficient rat. 

The average weights of the femur and tibia of the deficient animals were 
equal to or slightly greater than those of the controls. This indicates that 








550 RADIOACTIVE P UPTAKE IN BONE 


the femur and tibia have grown at a normal rate in spite of the general inani- 
tion of the deficient animals. Thus, we have obtained no direct evidence 
of an effect of acute choline deficiency on the calcification of bone in the rat. 


DISCUSSION 

These data on the uptake of P® by bone are qualitatively similar to those 
of Manly et al. (1) and Cohn and Greenberg (9). The previous work indi- 
cated that a rapid equilibration occurs between the phosphate of blood and 
that of bone. However, the method of administration (oral) and the time 
periods chosen for study (the earliest being 2 hours) prevented these workers 
from recognizing the extreme rapidity with which this equilibration takes 
place. 

Manly ef al. (1), in picturing the normal events which take place in bone 
as interpreted from their data, were led to assume, ‘‘That calcified tissues 
are composed physiologically of two portions, one of which rapidly comes to 
equilibrium with certain blood minerals... The other portion reaches 
equilibrium slowly and, by comparison, exhibits negligible exchange with 
these blood minerals.” The rapidly equilibrating fraction was designated 
as “‘labile’’ bone, the fraction with negligible exchange as ‘‘stable’’ bone. 
Also of some importance to the present discussion is their observation that 
“the relative amounts of labile to stable calcification differ widely in epiphy- 
ses, diaphyses, incisors, and molars.’’ Further consideration leads us to 
question the validity of the assumptions of Manly et al. relating to labile 
and stable bone, and to propose a modified picture more in keeping with the 
available data. 

While it is perfectly conceivable that phosphate located in the surface of 
the individual crystals of apatite in the bone can undergo exchange with 
phosphate in the surrounding fluid, it would seem thermodynamically im- 
possible that phosphate in the center of the crystals could exchange in a 
finite time without complete dissolution of the crystals themselves.2 From 
data in the literature (10) on the estimated dimensions of the individual 
apatite crystal it can be calculated that total phosphate of the order of one- 
fifth or 20 per cent is located in the surface. 

It is hardly possible that the rapid accumulation of tracer in the bone is 
due to normal growth processes. The amount of radioactive phosphorus 
which would appear in the femur ends as a result of accretion would account 


? Primitive Haversian systems are known to undergo degeneration normally at 
some places, and, following degeneration, to give second generation Haversian sys- 
tems. This process involves the dissolution of apatite crystals and reordering of the 
organic matrix. The magnitude and rate of this combined alteration are comparable 
to accretive processes rather than ionic exchange and decrease throughout the life of 


the animal. 
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for only about 8 per cent* of the observed activity at 16 hours. Further- 
more, it has been shown (11) that the specifie activity of the phosphorus of 
a humerus whose growth has been hindered by unilateral section of the 
brachial nerve is identical with that of the normally growing, contralateral 
humerus in the same animal. This situation obtains in spite of an observ- 
able decrement in the rate of accretion of bone salt in the denervated limb 
as compared with that of the normal limb. 

Perhaps the simplest explanation of the rapid, initial uptake of tracer 
following intraperitoneal administration is that an exchange-adsorption‘ 
occurs between the inorganic phosphate of the plasma and the phosphate 
ions in the surface of the bone salt adjacent to the circulating fluid. Such 
an exchange-adsorption reaches a steady state very rapidly. 

Paneth and Vorwerk (12) obtained a nearly steady equilibrium in less 
than 1 minute when finely divided lead sulfate was shaken with a saturated 
solution of the same salt containing the lead isotope, thorium B. Since the 
experiments reported here were completed, in vitro studies in this labora- 
tory! have indicated conclusively that there is a rapid exchange of radio- 
active phosphate of a buffer solution and the phosphate of ashed bone 
powder suspended in it. Calculations based on the data obtained indicate 
that 15 to 20 per cent of the phosphate in bone ash is capable of rapid 
exchange. 

The assumption that a rapid exchange adsorption exists between a small 
fraction of the bone surfaces and the inorganic phosphate of blood explains 
the rapid, initial uptake of the tracer. This assumption alone cannot 
account for a continued high specific activity of the bone while the specific 
activity of the blood inorganic phosphorus is diminishing rapidly. We 
should expect the specific activity-time curve of the fraction of bone which 
is in rapid equilibrium with blood to be like that represented by Curve II in 
Fig. 3. The curve should pass through a maximum at which point the 
blood-bone specific activities are identical. Thereafter, the curve for bone 
should follow the curve for blood, but above it (13). Correspondingly, if 
the rest of the bone contained no tagged phosphate, the specific activity- 
time curve for whole bone would be like that represented by Curve LV, Fig. 
3, in which each point is 5 per cent of the corresponding ordinate of Curve 
Il. The experimental data (Curve ITI) in general fall above the predicted 
values. 


‘Data on the growth of femur in similar rats were available. The figure of 8 per 
cent is based on two assumptions; (a) all femur growth took place in the femur end, 
and (b) the phosphate newly acquired had the same average specific activity coeffi- 
cient as did the inorganic phosphate of plasma during the time interval considered. 

‘ By the term ‘‘exchange adsorption,”’ a net change in the amounts of phosphate in 
the soluble and insoluble phases is neither implied nor excluded. 
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There are two possible explanations for the observed data represented by 
Curve III. Either (a) the initial exchange is irreversible, in which case the 
rate of accretion of bone salt would be far greater than is actually observed 
as due to growth (vide supra), or, more likely, (b) the bulk of the bone is 
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Fic. 3. Curves showing the activities observed for blood and femur ends and the 
activities expected if only a small portion of bone were in rapid equilibrium with the 
circulating fluids. Curve I is a plot of the observed activities of the inorganic phos- 
phate of blood. Curve II isa plot of the theoretical values expected (13) for the por- 
tion of bone in rapid equilibrium with blood. Curve III represents the observed ac- 
tivities for the phosphate of femur ends. Curve IV is the expected curve if 5 percent 
of the phosphate in the femur ends were in rapid equilibrium with blood. 


capable of equilibrating slowly with the surface phosphate of high activity, 
resulting in slow diffusion of active phosphate into the less accessible regions 
of the bone. Thus, the surfaces of the crystals of bone salt adjacent to the 
circulating fluid are in very rapid equilibrium with the circulating inorganic 
phosphate, and the equilibrium becomes progressively slower (with respect 
to circulating inorganic phosphate) with increasing distance from the circu- 
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lation. We would suggest that the difference between exchangeable and 
non-exchangeable phosphate is not the result of differences in physiological 
function but rather in location. Only phosphate located in the surfaces of 
the apatite crystals can exchange. Further, it is not necessary to conclude 
that the exchangeable fraction varies in magnitude in different bones. 
This concept leads to the conclusion that all calcified structures contain the 
same amount of exchangeable phosphate per unit weight of bone salt (pro- 
vided the apatite crystals are similar in size). Differences in uptake of 
radioactive phosphorus between different bones can be attributed to differ- 
ences in rate of exchange. The rate of exchange will be dependent upon 
the relative number and size of the blood vessels, marrow spaces, Haversian 
systems, etc., present in the structure under consideration. It follows that 
any condition which affects the general circulation (hemoconcentration, 
altered blood volume, capillary damage, etc.) will affect the uptake of radio- 
active phosphate by bone and that an altered uptake by bone does not 
necessarily indicate a direct effect on bone metabolism under such cir- 
cumstances. 

It is evident that whatever the physicochemical process involved, the 
simple exchange of radioactive phosphate between bone salt and blood is of 
such a large magnitude that radioactive phosphorus is an unreliable indi- 
cator of bone growth in experiments of short duration. 

The magnitude of the exchange of radioactive phosphate and the rapidity 
with which exchange takes place serve to emphasize the dynamic behavior 
of the calcified tissues. Bone cannot be considered to be a stable system 
in which the inorganic phase is inert. Rather, the apparent stability of the 
skeletal system can be attributed only to an extremely efficient control of 
the inorganic composition of the circulating fluids. Indeed, there are 
numerous references in the clinical literature to severe disturbances of fluid 
balance, acid-base balance, ete., which may result in very rapid mobiliza- 
tion of calcium and phosphorus from the bone. 

Since the level of isotopic phosphate in blood is largely determined by the 
rate of exchange between bone and the circulating fluids, it follows that the 
rate of appearance of labeled phosphate in all metabolic compounds con- 
taining phosphate such as phospholipides, nucleoprotein, and phosphate 
intermediates in carbohydrate metabolism, etc., will be influenced by the 
exchange process. 


SUMMARY 


There is an initial, rapid entrance of labeled phosphate into the bones 
following administration of a trace amount of the isotope. Most of this 
isotopic phosphate is temporarily ‘‘fixed” in the bones by an ionic exchange 
between the fluids and the apatite crystals. The mechanism of this ex- 
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change is discussed. The magnitude of the exchange seriously detracts 
from the usefulness of labeled phosphate as a tracer in studies of bone 
deposition. 

Severe choline deficiency in the albino rat did not alter the uptake of 
isotopic phosphate by the femur to any marked degree. A mild deficieney 
showed no effect. 

A comparison of the average ash weights of the femurs and of the tibias 
from choline-deficient rats with corresponding tissues from their control 
animals shows that these bones have grown normally in spite of the general 
inanition. 


The authors are pleased to acknowledge the able assistance of Miss R. 
Phyllis Fox and are grateful for profitable discussions with Dr. H. C. Hodge 
and Miss Fox. We are indebted to Miss Betty Mulrvan for technical as- 
sistance and to W. Schultz and the R. J. Strasenburgh Company, Rochester, 
New York, for the preparation of guanidoacetic acid. 
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EFFECT OF VITAMIN Bs DEFICIENCY ON THE ABILITY OF 
RATS AND MICE TO CONVERT TRYPTOPHANE 
TO N'METHYLNICOTINAMIDE AND 
NICOTINIC ACID* 


By B. 8S. SCHWEIGERT anv P. B. PEARSON 


(From the Nutrition Laboratory, Agricultural Experiment Station and School 
of Agriculture, Agricultural and Mechanical College of Texas, 
College Station) 


(Received for publication, February 3, 1947) 


Recent studies show that the albino rat, pig, horse, and cotton-rat can 
convert dietary tryptophane to nicotinic acid or its methylated derivative, 
N'-methylnicotinamide (1-4). The ingestion of high amounts of trypto- 
phane, either as the free amino acid or as casein, accentuates a deficiency of 
vitamin Bs in the rat and more strikingly so in the mouse (5, 6). The 
amount of xanthurenic acid excreted by the vitamin Be-deficient animal is 
markedly increased when high levels of tryptophane are fed (5, 6). Con- 
currently, there is a much more rapid depletion of hepatic vitamin Be 
(7). These findings suggested that a vitamin B, deficiency may affect the 
metabolic conversion of tryptophane to nicotinic acid and N'-methyl- 
nicotinamide. Experiments were carried out to study this effect with the 
rat and with the mouse. 


EXPERIMENTAL 


Experiments with Rats—Weanling male and female albino rats, 35 to 50 
gm. in weight, were used in this study. Group I received the control diet 
consisting of sucrose 67 per cent, purified casein 24 per cent, Salts IV 
(8) 4 per cent, and corn oil 5 per cent. The following amounts of vitamins 
were added per 100 gm. of diet; pyridoxine 250 y, thiamine 250 y, ribo- 
flavin 300 y, calcium pantothenate 2 mg., inositol 100 mg., choline 100 
mg., and p-aminobenzoic acid 30 mg. Vitamins A and D were given orally. 
Pyridoxine was omitted from the ration for Goup II. In the first experi- 
ments five animals were used in each group. Food and water were sup- 
plied ad libitum. 

After the rats had been fed these diets for 3 weeks, they were placed in 
metabolism cages fitted with outside feeders and urine collections were 
made. Toluene and 2.5 ml. of 2 N hydrochloric acid were added to the 


* Acknowledgments are made to Patricia Sparks and Frances Panzer for technical 
assistance, to Dr. L. R. Richardson and Dr. R. O. Berry for supplying some of the 
animals, to The Dow Chemical Company for the tryptophane, and to Merck and Com- 
pany, Inc., for the crystalline vitamins. 
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receiving flasks as preservatives. Urine collections were made for two 
periods of 3 days each. The amount of food consumed was measured dur. 
ing the collection periods. 100 mg. of dl-tryptophane were then fed per 
rat per day for a period of 3days. The tryptophane was mixed thoroughly 
with a weighed amount of the diet. The food intake for each group Was 
restricted slightly in order to assure complete consumption of the trypto- 
phane. Nicotinic acid was determined in the urine with Lactobacillus 
arabinosus as the test organism (9) and N'-methylnicotinamide was de. 
termined fluorometrically (10) without hydrolysis of the samples. These 
determinations were made on the pooled collections for the 3 day periods, 
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Fic. 1. Effect of feeding tryptophane on the urinary excretion of nicotinic acid and 
N'-methylnicotinamide by pyridoxine-supplemented and deficient rats. Shaded areas 
represent the amounts excreted when the basal diets were fed and the unshaded areas 
represent the amounts excreted when 100 mg. of dl-tryptophane were fed in addition to 
the basal diets. ' 


This sequence of experimentation was repeated twice with the same 
groups of animals in order to study the effect of the progressive vitamin 
Bs deficiency on the excretion of nicotinic acid and N'!-methy!nicotinamide. 
The results obtained with alternate periods of feeding the basal diets and 
the same diets plus added tryptophane on the excretion of these two com- 
pounds are presented in Fig. 1. 

These data show that a vitamin Bg-deficient rat is unable to convert 
appreciable amounts of the added tryptophane to N'-methylnicotinamide or 
nicotinic acid. Approximately 5 times as much N'-methylnicotinamide 
was excreted per day in each of the three tests when tryptophane was fed 
to pyridoxine-supplemented animals as was excreted by the deficient ani- 
mals (2190, 1190, and 1220 y per rat per day in contrast to 435, 278, and 
187 y per rat perday). The group receiving pyridoxine and added trypto- 
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phane excreted 254, 192, and 210 y of nicotinic acid per rat per day, as com- 
pared to 30, 21, and 17 y excreted by the deficient group also receiving 
added tryptophane. The amounts of N'-methylnicotinamide and _nico- 
tinic acid excreted when no tryptophane was added were slightly lower for 
the deficient group. It is significant to note that in the 3 day periods 
following the periods of tryptophane feeding the amounts of N'-methyl- 
nicotinamide and nicotinic acid excreted are very similar to those before 
the ingestion of tryptophane. This has also been observed for the cotton- 
rat and horse (3). 

The amount of the dietary tryptophane converted to nicotinic acid and 
N'-methylnicotinamide on a weight basis was calculated. When the basal 
diets were fed, an average of 0.54 per cent of the tryptophane was converted 
to N'-methylnicotinamide by the pyridoxine-supplemented group and 0.64 
per cent by the deficient group. When tryptophane was fed to the pyri- 
doxine-supplemented group, an average of 2.1 per cent conversion to N!- 
methylnicotinamide occurred for the three test periods; however, only 0.50 
per cent was converted to N'-methylnicotinamide by the vitamin Be- 
deficient animals. An average of 0.3 per cent of the tryptophane was 
excreted as nicotinic acid when tryptophane was fed to the pyridoxine- 
supplemented animals and only 0.03 per cent by the deficient animals, 
as contrasted to 0.14 and 0.11 per cent, respectively, when no tryptophane 
wasadded. Thus, not only the actual amounts of N'-methylnicotinamide 
and nicotinic acid excreted by the animals receiving pyridoxine were in- 
creased when tryptophane was fed, but the percentage of the ingested 
tryptophane that was excreted was also increased. In these calculations 
casein Was assumed to contain 1.3 per cent tryptophane (11) and the d iso- 
mer was disregarded in the calculations (see Rosen et al. (1)). 

To confirm these observations, a second series of experiments was carried 
out. The same diets and experimental procedures were used. Four rats 
were used per group and urine collections were made after 4 weeks from the 
start of the experiment. The effect of injecting an equivalent amount of 
l-tryptophane on the excretion of N'-methylnicotinamide, nicotinic acid, 
and of tryptophane was also tested. The amount of apparent free trypto- 
phane excreted was determined microbiologically (12, 13). In these tests 
2.5 ml. of a 2 per cent NaHCO; solution were injected intraperitoneally 
twice daily during the basal collection period. For the following 2 days, 
2.5 ml. of a 2 per cent NaHCO; solution which contained 10 mg. of l-trypto- 
phane per ml. were injected twice daily. The results for the amounts of 
N'methylnicotinamide and nicotinic acid excreted per day and also per 
gm. of food consumed are shown in Table I. 

The results obtained agree very well with those obtained in the first 
experiments on the effects of feeding tryptophane to the vitamin Bg-sup- 
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plemented and the deficient groups. The differences between the two 
groups are clearly not a reflection of the caloric intake, since on the basisof 
the excretion per gm. of food a 5- to 10-fold increase was obtained in fayor 
of the pyridoxine-supplemented group when tryptophane was fed. Much 
smaller amounts of both N'-methylnicotinamide and nicotinic acid were 
excreted when tryptophane was injected, as contrasted to when it was fed 


TaBLe | 


Influence of Vitamin Bg Deficiency and Administration of Tryptophane on Urinary 
Excretion of N'-Methylnicotinamide and Nicotinic Acid by the Rat 








N!-Methylnicotinamide Nicotinic acid 
Group No, Dietary regimen Collection ; | eee 
period yperrat | 7 —— y per rat | 7 — 
per day consumed per day consumed 
days a 
I (+ vitamin | Basal 5 93 9.3 23.4 2.4 
Bs) | 4 trypto- 3 1530 170 430 | 47.7 
phane 
Basal 3 ISI 19.8 43 4.7 
| “ + trypto- 3 S09 105 180 | 23.5 
| phane 
Basal 2 160 18.2 39 | 4.4 
“ +4 trypto 2 338 38.6 9% | 108 
| phane* 
II (no vitamin | Basal 5 18 9.9 99 | 21 
Be) | “* -— trypto- 3 106 11.2 19.7 7.7 
phane 
Basal 3 59 11.8 12.7 2.5 
i + trypto- 3 224 55.0 34.7 4.3 
phane 
| Basal 2 SS 16.6 12.5 2.4 
‘* + trypto 2 14 32.2 15.0 3.2 
phane* 


* In these tests, 50 mg. of l-tryptophane were given per day by intraperitoneal 
injection. In all other cases 100 mg. of dl-tryptophane were fed daily. 

Less than 1 per cent of the injected tryptophane was excreted in the 
urine. No appreciable difference was noted between the pyridoxine-sup- 
plemented and deficient groups. Thus it appears that tryptophane is 
rapidly metabolized to microbiologically inactive compounds when injected 
or fed orally as casein (13) both by normal and pyridoxine-deficient rats. 

The vitamin Bg-supplemented animals grew at a rate of 20 gm. per week, 
while the deficient animals grew at a rate of 10 gm. per week for the first 
4 weeks. After this period, the latter group reached a plateau in weight. 

Experiments with Mice—Experiments similar to those conducted with 
rats were also conducted with albino mice. In the first experiment ani- 
mals which weighed 16 to 20 gm. were used. In the second experiment, 
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weanling mice (7.2 to 9.5 gm.) were used. Four to six mice were in each 
group and were fed the same diets as described for the rats. Urine collee- 
tions were made after 2 weeks on experiment and the same procedures for 
feeding and urine collections were used, except that each mouse received 
50 mg. of dl-tryptophane per day. Since the mice scattered considerable 
food, no attempt has been made to calculate the amounts of N'-methyl- 
nicotinamide and nicotinic acid excreted per gm. of food consumed. 
Contamination of the urine with the ration does not negate the validity of 
the nicotinic acid determinations, since none of this vitamin was added to 
the diet. The results for the two experiments were very similar; therefore 
the data have been averaged together and are presented in Table IT. 


TABLE II 


Influence of Vitamin Be Deficiency and Ingestion of Tryptophane on Urinary Excretion 
of N'-Methylnicotinamide and Nicotinic Acid by the Mouse 


Expressed as micrograms excreted per mouse per day. 


‘ | N!-Methylnicotinamide Nicotinic acid 

Collection 

period | STS Fee aay i ait 
|Plus vitamin Bs) No vitamin Be |Plus vitamin Bs|No vitamin Be 


Dietary regimen 


} 


days 
Basal 5 14.4 tn oo? on 
“ + tryptophane* Ss | 63.6 36.0 } 31.0 | 12.5 
“ 3 8.7 | 13.7 | 12.8 | 5.2 
“ + tryptophane* | 3 63.0 33.7 | 45.2 | 5.0 
“ 2 | 25.1 10.6 | 25 | 4.0 
“+ tryptophane* | 3 84.2 28.3 57.2 | 4.1 


* 50 mg. of dl-tryptophane were fed per mouse per day. 

A 3.5-fold increase in the amounts of N'-methylnicotinamide and nico- 
tinie acid excreted was observed when tryptophane was fed to the mice 
receiving pyridoxine. The vitamin Be-deficient animals excreted 2 to 3 
times as much N'-methylnicotinamide, but no increase due to the ingestion 
of tryptophane was observed in the nicotinic acid values after 4 weeks on 
experiment. From these data it is apparent that the mouse responded 
qualitatively like the rat. 

That a pronounced vitamin Bg deficiency was produced was evident from 
the slow growth during the first 4 weeks (0.4 gm. per week) and a decrease 
in weight thereafter. The vitamin Bs-supplemented group grew at a 
normal rate. Qualitatively, a marked increase in the excretion of xan- 
thurenie acid was observed, particularly when tryptophane was fed, which 
isin accord with the work of Miller and Baumann (5, 6). 


DISCUSSION 
The present study shows that when tryptophane is fed, vitamin Be- 
deficient rats and mice have a greatly reduced ability to convert this amino 
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acid to nicotinic acid and N'-methylnicotinamide. The rdle of vitaminR| pa 
in this metabolic reaction offers additional evidence for its importance jp} wh 
amino acid metabolism. The mechanism by which tryptophane can bel dic 
converted to nicotinic acid (which is then presumably methylated to some} of 
extent by the rat and mouse to form N'-methylnicotinamide) remains ty | 
be elucidated. This transformation apparently can be accomplished by} 95 
the rat, mouse, pig, cotton-rat, and horse. The relative inability of the} 16 
vitamin Be-deficient animal to convert tryptophane to nicotinic acid and} fed 
its methylated derivative would suggest that xanthurenic acid cannot | gre 
serve as a precursor of nicotinic acid. } 

It is not surprising that much smaller amounts of nicotinic acid and tio 
N'-methylnicotinamide were formed when tryptophane was injected, a | ani 
compared to when the amino acid was fed. Tryptophane is rapidly re. 
moved from the blood of both normal and vitamin Be-deficient rats afte su] 
injection and returns to a normal level within 1 to 2 hours after injection 
(13). Since only two injections were made in each 24 hour period, a rela | 
tively continuous supply of tryptophane during the period was not achieved, 1. 
as compared to the situation produced when the compound was fed. The 
increased excretion of nicotinic acid and N’-methylnicotinamide after injec- 
tion indicates that nicotinic acid is formed from tryptophane largely by 
synthesis in the tissues rather than by microbial synthesis in the intestinal | 4, 
tract. The rapid increase observed in the amounts of nicotinic acid ex- | 
creted during tryptophane feeding and the rapid return to a normal leve 
following the feeding of tryptophane support this view. This observation | 
has also been reported in a recent paper by Singal et al. (4). Briggs and | 
associates (14) offer evidence that nicotinic acid may be synthesized in the 8. 
tissues of chicks fed tryptophane, while Krehl e¢ al. (15) suggest that the} — 9. 
counteraction of the growth depression due to ingestion of high levels of 
corn when rats are fed tryptophane may be due to stimulation of nicotinic . 
acid synthesis by tryptophane. Thus the interrelationships of vitamin B, | 4) 
nicotinic acid, and tryptophane in the nutrition of rat and mouse demon- 
strate the complex nature of these metabolic reactions and offer new 
approaches to further studies on amino acid metabolism. These data} ™: 
suggest that the beneficial effect of pyridoxine therapy for pellagrins may} |, 
be due in part to its influence on the conversion of ingested tryptophane | 45, 
to nicotinic acid. 
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SUMMARY 
1. The effect of vitamin Bs deficiency on the conversion of tryptophane 
to nicotinic acid and N!-methylnicotinamide has been determined with the 


rat and mouse. 
2. When 100 mg. of dl-tryptophane were fed in addition to the basi 
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ration, rats fed pyridoxine excreted 810 to 2190 y of N’-methylnicotinamide, 
while deficient animals excreted 180 to 435 y per day. When the basal 
diets were fed. the two groups excreted 95 to 185 and 45 to 140 y per day 
of N'-methylnicotinamide, respectively. 

3. The excretion of nicotinic acid when tryptophane was fed ranged from 
95 to 430 y per rat per day for the vitamin Be-supplemented group and only 
16 to 35 y for the vitamin Be-deficient group. When the basal diets were 
fed, 23 to 50 y and 10 to 24 y of nicotinic acid were excreted by the two 
groups respectively. 

4. When tryptophane was injected, a 100 per cent increase in the excre- 
tion of N'-methylnicotinamide and nicotinic acid was observed for the 
animals fed pyridoxine. 

5. Similar effects were obtained when tryptophane was fed to pyridoxine- 
supplemented and deficient mice. 
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THE COMPARATIVE UTILIZATION OF PTEROYLGLUTAMIC 
ACID AND PTEROYLTRIGLUTAMIC ACID BY CHICKS ON 
A PURIFIED DIET 
By THOMAS H. JUKESanp E. L. R. STOKSTAD 
(From the Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York) 


(Received for publication, February 5, 1947) 


The isolation, identification, and synthesis of pteroylglutamic acid from 
liver have been described; simultaneously the isolation was reported of 
a compound, “fermentation Lactobacillus casei factor,” which upon mild 
anaerobic alkaline hydrolysis yielded pteroylglutamic acid and 2 equivalents 
of glutamic acid (1). This compound has been termed pteroyltriglutamic 
acid (2). 

Studies with chicks on a purified diet deficient in pteroylglutamic acid 
(3) indicated that pteroyltriglutamic acid, when fed at a level of 0.5 part 
per million of diet, was not markedly effective in promoting growth or 
preventing anemia. The addition of the lactone of either 2-methyl-3- 
hydroxy-4-hydroxymethyl-5-carboxypyridine (5-pyridoxic acid lactone) 
or 2-methyl-3-hydroxy-4-carboxy-5-hydroxymethylpyridine (4-pyridoxic 
acid lactone) together with pteroyltriglutamic acid produced a marked 
gain in weight over the controls and was completely effective in the preven- 
tion of anemia as measured by the hemoglobin level at 3 weeks. In another 
communication (4) it was reported that pteroylglutamic acid was fully 
effective for the prevention of anemia without the addition of the lactone. 
It was suggested (4) that the lactone of 4-pyridoxie acid functioned in an 
enzyme system required for the breakdown of ‘folic acid conjugates” and 
for the setting free of ‘folie acid’’ (pteroylglutamie acid). 

However, other experiments have indicated that the chick is able to 
utilize pure pteroylheptaglutamie acid (“vitamin B, conjugate’’) as effi- 
ciently as pteroylglutamic acid (“vitamin B,”’) (5) and that pteroyltri- 
glutamic acid is utilized just as well as pteroylglutamic acid (6) for hemo- 
globin formation in chicks on purified diets without the addition of pyridoxic 
acid lactone. These experiments were made with basal diets differing 
from that employed by the Cornell group (3). The present investigation 
was undertaken in an attempt to repeat more closely the experimental 
conditions employed elsewhere (3). 


EXPERIMENTAL 
The basal diet was identical in composition with that described elsewhere 
(3) and consisted of starch, washed casein, gelatin, salt mixture, soy bean 
563 
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oil, cellophane, and fortified fish liver oil supplemented with pure vitamins 
and with succinylsulfathiazole, | per cent. The only known difference was 
that the soy bean oil used in the present investigation did not contain phos- 
phoric acid as an antioxidant. 

Day-old New Hampshire chicks were placed in electrically heated battery 
brooders and were fed the experimental diets immediately. Ten chicks 
were used in each group. The diets were mixed in small quantities at 
frequent intervals and were kept in a refrigerator. Acid-water-washed 
casein was supplied by Dr. M. L. Scott. 

The following supplements, per kilo of basal diet, were used in the first 
experiment: Group 1, none; Group 2, 0.5 mg. of pteroyltriglutamic acid; 
Group 3, 1.0 mg. of pteroyltriglutamic acid; Group 4, 0.5 mg. of pteroyl- 
trig'utamic acid + 1.0 mg. of 4-pyridoxic acid lactone; Group 5, 1.0 mg. of 
pteroyltriglutamic acid + 1.0 mg. of 4-pyridoxic acid lactone; Group 6, 0.67 
mg. of pteroylglutamic acid. 

The purity of the pteroyltriglutamic acid was estimated by measurement 
of its absorption of ultraviolet light in aqueous solution at 365 mu. The 
preparation was approximately 95 per cent pure. It was obtained from 
a fermentation product (1). The pteroylglutamic acid preparation was 9 
per cent pure, and 0.75 mg. was used to correspond to 0.67 mg. of the pure 
substance. This level was equivalent on a molar basis to 1.06 mg. of pter- 
oyltriglutamic acid. Pteroyltriglutamic acid and pteroylglutamiec acid 
were dissolved in water at a concentration of 0.1 mg. per ml., and the 
lactone at a concentration of 1.0 mg. per ml. The solutions were incorpo- 
rated in the diets. Hemoglobin determinations, erythrocyte counts, 
and hematocrit measurements were made with blood from a wing vein. 
The results of the experiment are summarized in Table I. 

Three cases of perosis were noted in seven surviving birds in Group 1 at 
20 days. One case of perosis was simultaneously noted in each of Groups2 
and 4. Pteroyltriglutamic acid appeared to be fully effective in preventing 
anemia, even when fed at a level of 0.5 mg. per kilo of diet, which cor- 
responded to only 0.32 mg. of pteroylglutamic acid. 

The possibility remained that at a lower level pteroyltriglutamic acid, 
even if fully utilized, might be only partially effective in preventing anemia 
and that a condition more sensitive for measuring the supplementary effect 
of the 4-pyridoxic acid lactone might thus be established. Accordingly 4 
second experiment was carried out 3 months later. The following sup 
plements, per kilo of diet, were used: Group 7, none; Group 8, 0.3 mg. of 
pteroyltriglutamic acid; Group 9, 0.3 mg. of pteroyltriglutamic acid + 10 
mg. of 4-pyridoxic acid lactone; Group 10, 0.2 mg. of pteroylglutamic acid; 
Group 11, 0.65 mg. of pteroylglutamic acid. 


. | 
The results are summarized in Table II. The level of pteroylglutamie 
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acid fed to Group 10 was stoichiometrically approximately equivalent to 
the level of pteroyltriglutamic acid fed to Groups 8 and 9. Group 11 asa 
“positive control” group received a level of pteroylglutamic acid in excess 
of the requirement for growth and hemoglobin formation; this level is in 


TABLE I 


Response of Chicks to Pteroyltriglutamic Acid, with and without 4-Pyridozic Acid 
Lactone, and to Pteroylglutamic Acid 

















t Mean cor- 
; Average weight at Hemoglobin at mi pian ae sm 
Group No. | x 1072 
| tee | : 1 dean | - 28 days 2idays | 28 days 28 days 28 days 
a] ate aes — _ — 
gm. em. em. gm. per cent | gm. per cent | Paeye cu. microns 
1 | 43 82* 74t | 5.0 1.3 | 0.50 t 
2 42 222 299 8.7 8.5 | 2.50 | 1.02 
3 44 252 344 8.7 8.5 2.65 0.97 
4 48 | 235 | 331 8.9 8.5 2.43 | 1.05 
5 40 247 338 8.8 8.5 2.59 | 1.00 
6 8.6 


42 | 244 335 8.6 2.73 0.92 





* Five survivors. 
+ One survivor. 
t Not determined. 


TaBLeE II 


Results of Second Experiment in which Insufficient Levels of Pteroyltriglutamic 
Acid and Pteroylglutamic Acid Were Fed in Groups 8, 9, and 10 


























| a Mean cor- 
. | Average weight at Hemoglobin at =" wa —_ 
sroup NO. x 1073 
$a | 21 days 28 days 21 days 28 pum a | 28 days 28 days 
gm. em. gm. gm. per cent | gm. per cent pape 4 cu. microns 
7 45 102 122 5.7 5.0 1.12 1.23 
8 44 158 211 8.2 9.0 | 2.62 0.91 
9 44 135 191 8.2 8.2 | 2.16 | 0.97 
10 44 144 190 8.1 2.14 | 1.00 
ll 8.9 9.5 | 2.87 | 0.93 


45 174 248 ‘ | | 





the neighborhood of 0.4 to0.5 mg. The growth of the chicks in the sec- 
ond experiment was markedly slower than in the first experiment. It may 
be speculated that this was due to a diminished carry over of some un- 
identified factor from the maternal diet in the second experiment. Again, 
the utilization of pteroyltriglutamic acid appeared to be complete as com- 
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pared with the corresponding level of pteroylglutamic acid, and the addi. 
tion of 4-pyridoxic acid lactone appeared to have no effect. Three cases of 
perosis at 28 days were observed in Group 7, three in Group 8, one in Group 
9, two in Group 10, and none in Group 11. 


DISCUSSION 


In a single experiment involving a comparison between two groups of six 
chicks each, it was noted that 4-pyridoxie acid had a supplementary effect 
on growth and hemoglobin formation when added to a purified diet cop. 
taining pteroyltriglutamic acid. No supplementary effect on yeast cop. 
centrate was obtained by adding 4-pyridoxic acid (7). 

In another investigation (8) it was noted that 4-pyridoxic acid lactone 
had no supplemental effect on the action of a suboptimal amount of “yi. 
tamin B,.” (pteroylglutamic acid) in promoting growth, feathering, and 
hemopoiesis in the chick. This result is in agreement with the report 
published elsewhere (4) and has no bearing on the claim that the lactone 
is concerned with the breakdown of pteroylglutamic acid conjugates. 

The present series of experiments fails to confirm the results published 
elsewhere (3), although an attempt was made to duplicate the diet. It 
may be noted, however, that New Hampshire chicks were used in the 
present investigation, while white Leghorn chicks were used by the Cornell 
group. Another possibility is that pyridoxic acid lactone was present in 
some constituent of the diet or was carried over from the eggs into the 
newly hatched chicks. 

SUMMARY 

1. Chicks were found to utilize pteroyltriglutamic acid and _pteroy!- 

glutamic acid equally well on a molar basis for growth and the prevention 


of anemia. 
2. The addition of 4-pyridoxie acid lactone had no measurable effect on 
the utilization of pteroyltriglutamic acid under the conditions of the ex- 


periments. 


Our thanks are due to Mr. Sidney Upham for synthesizing 2-methyl-3- 
hydroxy-4-carboxy-5-hydroxymethylpyridine. Hematological observations 
were made by Miss Margaret Belt. Dr. M. L. Scott kindly supplied the 


purified casein. 
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THE OXIDATION OF PHOSPHORYLATED AND NON-PHOS- 
PHORYLATED SUGARS BY MAMMALIAN LIVER* 
By W. W. WAINIO 
(From the Department of Physiology, New York University College of Dentistry, 
New York) 
(Received for publication, January 9, 1947) 


In 1928 Miiller (1) reported the presence of a new enzyme, a glucose oxi- 
dase, in press-juice of Aspergillus niger. He subsequently suggested that 
it might be a dehydrogenase (2); he later showed that it catalyzed the oxi- 
dation of glucose to gluconic acid (3). Harrison in 1931 obtained glucose 
dehydrogenase from acetone-dried mammalian liver by saturating a water 
extract with ammonium sulfate (4). The product of the oxidation was 
shown to be gluconic acid (5) and the cytochrome system a hydrogen car- 
rier (6). Miller then resumed his work with glucose dehydrogenase and 
demonstrated the decolorization of methylene blue in the presence of a 
catalytic enzyme preparation from ox liver when galactose and xylose were 
present as substrates (7). Breusch (8) has more recently reported the 
existence of a D-arabinose dehydrogenase, a glyceraldehyde dehydrogenase, 
and a glycoaldehyde dehydrogenase in cat liver, and the probable existence 
of a p-erythrose dehydrogenase in the same tissue. 

Several dehydrogenases attacking phosphorylated derivatives of hexoses 
have been reported. Warburg and Christian (9) found an enzyme in ery- 
throcytes that oxidizes glucose-6-phosphate when methylene blue is the 
carrier. The name Zwischenferment was given by them (10) to the same or 
a similar hexose monophosphate dehydrogenase obtained from yeast which 
oxidizes glucose-6-phosphate to phosphogluconic acid. Harrison (11) has 
indicated the presence of a hexose diphosphate dehydrogenase in muscle 
and liver which operates in the presence of methylene blue. 

The experiments reported herein verify the existence of enzymes in lamb 
liver that are capable of oxidizing D-glucose, D-arabinose, D-xylose, D-lyxose, 
p-glucose-6-phosphate, fructose-6-phosphate, and fructose-1,6-phosphate 
when methylene blue and diphospho- and triphosphopyridine nucleotide 
are added to a partially purified preparation. 


EXPERIMENTAL 


Preparations 
Lyophilization of Tissues—The liver was obtained from the killing floor of 
a slaughter-house, and was usually placed in the freezing compartment of a 
refrigerator for temporary storage within 1 hour after removal from the 


* Aided by a grant from the John and Mary R. Markle Foundation. With the 
assistance of Gertrude Quinn and Lowell Lowell. 


569 


a 








570 OXIDATION OF SUGARS BY LIVER 


animal. In the next half hour the tissue was ground, frozen, and connected 
to the lyophilizer. Lyophilization of 100 gm. of fresh tissue was complete 
in from 6 to 8 hours. The dry liver was then stored in a vacuum desiccator 
over PO; at 5°. Lyophilization was preferred to the acetone drying recom. 
mended by Harrison (4) because the latter method offers even greater 
possibility for the denaturation of unidentified enzymes. 

Harrison's Glucose Dehydrogenase and Coenzyme—These were prepared 
according to Harrison (12) with this exception: lyophilized liver was used 
instead of acetone-dried liver. 

Partially Purified Lamb Liver Dehydrogenases. Preparation A—On the 
Ist day 60 to 80 gm. of thoroughly dried lyophilized lamb liver were ground 
in a mortar to a very fine powder, mixed in the same container with 4 vol- 
umes of ice-cold distilled water, and extracted in an ice bath for 30 minutes 
with occasional stirring. The mixture was centrifuged for 15 minutes at 
3800 r.p.M. in 50 ml. celluloid tubes. The supernatant was poured off 
through cheese-cloth and the residue reextracted twice more with 2 volumes 
of cold distilled water, with stirring, for 15 minutes. The combined super- 
natants were dialyzed overnight against distilled water at 5°. 

On the 2nd day the protein solution was centrifuged for 15 minutes at 
3800 r.p.M. The pH was usually found to be between 6.0 and 6.5 and was 
taken to 5.7 with N HCl. Following centrifugation at 3800 R.P.M., the pH 
was adjusted to 7.0 with Nn NaOH. 21 gm. of (NH,4)2SO, per 100 ml. were 
added (30 per cent saturated), and the precipitate centrifuged off at 3800 
r.p.M. and discarded. 14 gm. of (NH4)oSO, per 100 ml. (original volume) 
were added to the supernatant (50 per cent saturated) and the precipitate 
centrifuged down (supernatant discarded) and dissolved in 50 ml. of cold 
distilled water. The proteins were again separated by adding 17.5 gm. of 
(NH,)SO, (50 per cent saturated) and by centrifuging for 15 minutes at 
3800 r.p.m. The precipitate was dissolved in 50 ml. of cold distilled water 
and dialyzed overnight against 10 per cent methanol at 5°. 

On the 3rd day the solution was centrifuged for 15 minutes at 3800 R.P.M. 
and the supernatant mixed with 25 ml. of an Al(OH); gel (for the prepara- 
tion, see below). Following centrifugation the supernatant was treated 
with suecessive portions of Al(OH); gel until nearly colorless or until 50 
ml. of the gel had been used. The proteins were eluted with successive 20 
ml. portions of 0.1 N NH,OH which contained 17.5 gm. of (NH4)2SO, per 
100 ml. (25 per cent saturated) until the gel was nearly colorless or until 80 
ml. had been used. The combined eluates were dialyzed overnight against 
water at 5°. 

On the 4th day the solution was lyophilized in 5 to 8 hours and the result- 
ing dry protein stored in a vacuum desiccator over P2Os at 5°. The yield 
ranged between 1.5 and 2.0 gm. 

Preparation B—The procedure was as for Preparation A, with this excep- 
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tion: the protein was dialyzed against distilled water instead of against 
10 per cent methanol at the end of the 2nd day. 

Preparation C—The procedure was as in the case of Preparation A with 
these exceptions: (1) special precautions were taken to keep the preparation 
cold at all stages except during the centrifugations when refrigeration was 
not available; (2) the 60 to 80 gm. of lyophilized lamb liver were homogen- 
ized in a Waring blendor for 1 minute with 4 volumes of cold distilled water 
instead of being ground in a mortar; (3) the protein was dialyzed against 
distilled water at the end of the 2nd day instead of against 10 per cent 
methanol. 

Al(OH); gel was prepared according to the method of Willstiitter and 
Kraut (13), 24 mg. of Al(OH); per ml. 

TPN and DPN’ were prepared according to the method of Warburg and 
Christian (14). 

Hexose monophosphate was prepared according to the method of DuBois 
and Potter (15). 

Fructose-6-phosphate--To 10 gm. of the commercial fructose-1,6-diphos- 
phate? used in these experiments were added 100 ml. of 0.1 N H2SO,, and 
the solution was heated in a water bath for 15 minutes at 100°. The 
reaction mixture was then cooled, put into centrifuge tubes, and precipitated 
with 2 volumes of 95 per cent ethanol. The precipitate was centrifuged 
down (supernatant discarded), dissolved in 100 ml. of distilled water, and 
the solution filtered. The salt was precipitated by the addition of 2 vol- 
umes of 95 percent ethanol, and then once more dissolved and reprecipitated. 
The preparation was finally washed successively with 66 per cent ethanol, 
95 per cent ethanol, acetone, and ether. The yield was approximately 6.5 
gm. of the Ca salt. 

Glucose-6-phosphate was prepared according to the method of Levene and 
Raymond (16) with a modification of the first step; that is, the preparation 
of the diacetone glucose. 2 liters of acetone (U. 8. P.) were mixed with 20 
ml. of H:SO, (density, 1.84, reagent grade) and to the mixture were added 
250 gm. of anhydrous CuSO, and 250 gm. of anhydrous p-glucose (c.P.). 
The suspension was stirred continuously for 48 hours at 5°. This is a de- 
parture from the usual method, which calls for stirring at room temperature 
for 24 hours. The suspension was filtered through Whatman No. 5 paper 
with suction and the clear filtrate neutralized with approximately 250 gm. 
of Ca(OH). The resulting suspension was filtered with suction, but with- 
out the previous addition of charcoal. There was no evidence of carboni- 
zation or of caramelization. The clear filtrate was concentrated to a yellow- 
ish solid under reduced pressure and at an elevated bath temperature 


1 DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide. 
* Schwarz Laboratories, Inc. 
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(approximately 50-55°, with an H.O pump for reducing the pressure). ]t 
was unnecessary next to extract repeatedly with heptane and to decolorige 
with charcoal, since the resulting solid was completely soluble in boiling 
heptane and since, as stated before, it had not carbonized or caramelized, 
The yield was approximately 130 gm., or 30 gm. less than the yield in the 
original method. 
TaB_e I 
Oxygen Consumption of Rabbit Liver Slices As Influenced by Addition of Various 


Substrates 


Oxygen consumption 


Experiment No, Substrate — 

60 min. 129 min. 

c.mm. c.mm, 

l None 144 252 
p-Glucose 148 255 

| p-Galactose (Eastman) 157 | 265 

| p-Arabinose 152 | 262 
p-Lyxose 152 257 

| p-Xylose (Eimer and Amend) 146 248 

2 | None 123 206 
p-Glucose 128 213 

| p-Mannose 130 | 218 
Fructose 127 210 
L-Arabinose 120 197 

3 None 151 272 
p-Glucose 156 271 
p-Glucose-6-phosphate 153 27 
Fructose-6-phosphate * 150 263 
Fructose-1 ,6-diphosphate 179 336 


| 


Tissue, 250 mg. of rabbit liver slices; electrolyte-buffer solution, 1.75 ml. of a 
NaCl, KCl, MgSQ,, and sodium phosphate solution at pH 7.32 (Krebs (23)); sub- 
strate, 0.25 ml. of 5.4 per cent hexoses, or 4.5 per cent pentoses; gas phase, oxygen; 
center well, 10 per cent NaOH; rate of shaking, 120 per minute; temperature, 37.5°. 


Liver Slices 


Investigators who have studied the oxidation of simple sugars by mamma- 
lian liver slices have, for the most part, found no appreciable increase in the 
oxygen consumption. Glucose when added to rat liver (17-21) or to guinea 
pig liver (22) has no effect. Whereas galactose (21) and arabinose and 
xylose (19) have no effect on the oxygen uptake of rat liver, fructose has 
been reported by Kisch (19) and Marsh (21) to increase the oxygen con- 
sumption of normal rat liver slices, although their results are in disagree- 
ment with those of Dickens and Greville (17) who find that brain cortex, 
testis, and kidney are stimulated, but not liver. 

In the liver slice experiments, shown in Table I, the oxygen consumption 
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by 250 mg. of rabbit liver slices suspended in an isotonic electrolyte-buffer 
solution at pH 7.32 was essentially unchanged by the addition of p-glucose,* 
p-galactose,* p-arabinose,’ D-lyxose,* D-xylose,> pD-mannose,* fructose,* 
L-arabinose,’ D-glucose-6-phosphate, and fructose-6-phosphate. The only 
substrate that appeared to prevent in part the decrease in the rate of oxygen 
consumption was fructose-1,6-diphosphate.? It seems likely that the glu- 
cose derived by hydrolysis from the glycogen contained in the liver was 
supplying a sufficient amount of a preferred substrate and that, therefore, 
added substrates were without effect. 


HO Extracts of Lyophilized Lamb Liver 


In view of the fact that glucose dehydrogenase is water-soluble (1, 4), it 
was decided first to investigate the oxidation of these sugars by water ex- 
tracts of lyophilized lamb liver. 

The results are presented in Table II. p-Galactose (Eastman), p- 
galactose (Eimer and Amend), D-mannose, p-glucose-6-phosphate, and 
fructose-6-phosphate seem to have a small stimulating effect, whereas 
fructose-1 ,6-diphosphate definitely increases the uptake of oxygen above 
that of the substrateless control. The failure of p-glucose to increase the 
oxygen uptake might be explained on the basis that the hydrolysis of glyco- 
gen in the liver or in the water extract has already produced sufficient 
glucose to saturate the enzyme system. 


(NH4)2SO, Precipitates of HO Extracts of Lyophilized Liver 


Harrison (12) made his second glucose dehydrogenase preparation by 
saturating the water extract to 50 per cent with (NH4)sSO, and found that 
the resulting proteins were quite reactive toward glucose. This was also 
the method used by Miiller (7) who found that in addition to p-glucose, 
p-galactose and p-xylose were oxidized; p-mannose and L-arabinose were 
not. The final concentration of sugar in his Thunberg tubes ranged from 
0.125 to 0.5 mM. The concentrations were very much higher than the con- 
centration used by Breusch (8) who added 1 mg. of substrate to 3 ml. of 
fluid to make a final concentration of approximately 0.002 m. Breusch 
found that only p-arabinose was oxidized and not L-arabinose, D-mannose, 
D-ribose, D-xylose, or D-galactose. 

Early results that we obtained, using Harrison’s enzyme and coenzyme 
preparations and a final concentration of sugar of 0.225 M, are presented in 
Table III. It would ap ear that p-glucose, p-xylose, p-galactose (Eimer 
and Amend), and hexose monophosphate are oxidized, whereas L-arabinose, 
D-mannos2, and p-ribose are not. 


* Merck and Company, Inc., c.p., anhydrous. 
*‘ Eastman Kodak Company. 
* Eimer and Amend, c.p. 


a : : 
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TaB_Le II 
Effect of Various Substrates on Oxygen Uptake by Water Extract of Lyophilized Lam } 
Liver ' 
Oxygen consumption 
Experiment No. Substrate ae : 
60 min. 120 min, i 
c.mm. c.mm. < 

l None 109 161 

p-Glucose 106 163 

p-Galactose (Eastman) 123 18] 

p-Galactose (Eimer and Amend) 129 193 

p-Mannose 121 179 

Fructose 115 170 
2 None 118 168 } 

| p-Glucose 115 174 

| p-Arabinose 117 176 

| L-Arabinose | 116 176 

p-Xylose 111 163 
| p-Lyxose 109 168 | 

3 | None 110 | 165 
| p-Glucose | 110 168 Cs 

| p-Ribose (Schwarz) 112 173 

| p-Glucose-6-phosphate 132 | 205 

| Fructose-6-phosphate | 133 199 

| Fructose-1,6-diphosphate 156 | 232 


Total volume, 2.5 ml.; extract, 0.5 ml.; preparation, 10 gm. of lyophilized lamb 
liver, 40 ml. of H.O; 30 minutes at 0°; centrifuged, decanted; 20 ml. of HO to residue; 
15 minutes at 0°; decanted; total volume in three experiments, 34, 37, and 37 ml., re- 
spectively; buffer, 1.0 ml. of 0.25 m phosphate at pH 7.35; substrate, 0.25 ml. of a 
1 msolution; center well, 10 per cent NaOH; gas phase, oxygen; rate of shaking, 100 
per minute; temperature, 38°. 


Tasie III 


Decolorization of Methylene Blue by Harrison’s Enzyme-Coenzyme in Presence of 
Various Sugars 





Substrate Decolorization time Substrate Decolorization time 
min. min. 
None >60 L-Arabinose | >60 
p-Glucose 7 | D-Mannose >60 
p-Xylose 8 | p-Ribose >60 
p-Galactose (Eimer and 35 Hexose monophosphate 8 


Amend) 


Total volume, 1.75 ml.; protein, 0.4 ml., equivalent to 0.4 gm. of lyophilized lamb 
liver, prepared according to Harrison (12); final dry preparation dissolved in water, 
insoluble portion centrifuged off and discarded, and the pH adjusted to 7.4; coen- 
zyme, 0.4 ml., equivalent to 0.4 gm. of liver, prepared according to Harrison; sub- 
strate, 0.2 ml. of a 2 mM solution; methylene blue, 0.25 ml. of a 1:5000 solution; water, 
0.5 ml.; temperature, 38°. 
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ed Lam) 
a Partially Purified Dehydrogenase Preparations 
2 The two partially purified enzyme preparations of lyophilized lamb liver, 
min, Preparations A and B, which were obtained by successively adjusting pH, 
io fractionating with (N H4)eSO,4, and adsorbing on Al(OH); gel, are undoubt- 
61 edly mixtures of several dehydrogenases and of other enzymes as well. No 
63 special attempt was made to obtain a pure or electrophoretically uniform 
81 preparation. It was hoped, rather, to free the dehydrogenases of all the 
~ substrates and coenzymes and of most, if not all, of the flavoprotein which 
‘ ° , rp , 
70 might mediate between the added coenzymes DPN and TPN and the added 
68 ; oxygen carrier, methylene blue. The preparations were certainly free of 
74 
76 TaB_e lV 
76 Effect of Varying Protein Concentration 
53 : | Decolorization time 
8 | Protein per Thunberg tube awe ‘ : 
iH) | Metirylene blue 2,6-Dichlorophenol indophenol 
8 <a or 
3 i még. min. min. 
she 2 (1.3)* | 16 5.5 
9 4 (2.6) 1 2 
2 6 (3.9) 8 1.5 
aot. 8 (5.2) ; 7 1 
| lamb 2 an onan - 
sidue: Total volume, 2.05 ml.; protein, 0.4 ml., containing the water-soluble portion of 
| - i from 2 to 8 mg. of Preparation A after centrifuging off the insoluble proteins; coen- 
of . zyme, 0.4 ml. of a 50 mg. per cent solution of DPN in H,0; substrate, 0.2 ml. of al 
1g, 100 u solution of p-glucose; buffer, 0.5 ml. of 0.25 M phosphate at pH 7.4; oxidation-reduc- 
tion indicator, 0.25 ml. of a 1:5000 solution of either dye in H,O; water, 0.3 ml.; 
temperature, 38°. 
* Approximately 65 per cent goes into solution. 
vce of substrate, since without glucose, but with added DPN, TPN, and methyl- 


ene blue, the oxygen consumption for a 2 hour period averaged only 10 
on time e.mm. 

The first series of experiments with these partially purified preparations 
was carried out in Thunberg tubes with Preparation A. The effect of pro- 
tein concentration is shown in Table IV. Both methylene blue and 2,6- 
dichlorophenol indophenol were used as oxidation-reduction indicators. 
In this and in subsequent experiments with Preparation A the amount of 
the preparation that dissolved in distilled water averaged approximately 








lamb 65 per cent of the weighed protein. The results indicate a typical response 
ater, and the values if plotted would give a hyperbolic curve. The protein con- 
oa centration chosen for the Thunberg experiments to follow was 2 mg. per 
ree tube. 

ater, 


The next experiment was to test. the effect of varying the glucose concen- 
tration on the decolorization time of both methylene blue and 2 ,6-dichloro- 
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phenol indophenol (Table V). The final glucose concentration in the 
Thunberg tubes ranged from 0.195 to 0.003 m. In the presence of 0.098 y 
final concentration of glucose, methylene blue was decolorized in 85 
minutes and 2,6-dichlorophenol indophenol in 3.5 minutes, whereas in the 
presence of 0.006 M final concentration of glucose (6.1 per cent of 0.098 ) 
methylene blue was decolorized in 21 minutes and 2 ,6-dichlorophenol indo- 
phenol in 18 minutes. In subsequent tests any substance which at a 0.098 
M final substrate concentration decolorizes methylene blue in 21 minutes or 
less and 2 ,6-dichlorophenol indophenol in 18 minutes or less would have to 
be considered oxidized, or would have to contain impurities equivalent to 
6 per cent or more of D-glucose. 


TABLE V 
Effect of Varying Glucose Concentration 


| 


Decolorization time 
Final glucose concentration 











Methylene blue 2,6-Dichlorophenol indopheno] 


M | min. min. 
0.195 7 3 
0.098 8.5 3.5 
0.049 | 9 4 
0.024 11.5 5 
0.012 15 7 
0.006 21 18 
0.003 28 37 


Total volume, 2.05 ml.; protein, 0.4 ml., containing the water-soluble portion 
from 2 mg. of Preparation A after centrifuging off the insoluble proteins; approxi- 
mately 1.30 mg. goes into solution; substrate, 0.2 ml. of a 2 m to M/32 solution of 
p-glucose; coenzyme, buffer, oxidation-reduction indicator, water, and temperature 
as in Table IV. 


In Table VI we see the effect of various substrates on the decolorization 
time of the two indicating dyes. The sugars which are themselves oxidized 
or which may contain impurities equivalent to 6 per cent or more of pD- 
glucose are D-arabinose, p-lyxose, p-xylose (Eastman), p-xylose (Eimer 
and Amend), and p-glucose itself, of course. With 2,6-dichlorophenol in- 
dophenol as an indicator, the two p-galactoses are slowly oxidized, but 
this might well be due to impurities since decolorization occurs so slowly. 

The second series of experiments was performed with Preparation B and 
the reactions were followed in Warburg vessels. Both DPN and TPN 
were added in phosphate buffer (pH 7.4), and methylene blue was added to 
serve as oxygen carrier. The protein concentration which on the addition 
of 0.25 ml. of 1 M p-glucose (final concentration 0.050 m) was found to cause 
an oxygen consumption of about 100 c.mm. in 2 hours was 20 mg. per vessel 
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TABLE VI 


Effect of Various Substrates on Decolorization Time 























Decolorization time 
Substrate 
Methylene blue 2,6-Dichlorophenol indophenol 

min. min. 
None 120 61 
p-Glucose 10 2 
p-Arabinose 20 19 
p-Galactose (Eimer and Amend) 39 21 
p-Galactose (Eastman) 54 29 
p-Lyxose 20 51 
p-Xylose (Eastman) 21 12 
p-Xylose (Eimer and Amend) 16 8 
L-Arabinose >60 59 
Fructose >60 59 
p-Mannose >60 23 
p-Ribose >60 53 
Fructose-6-phosphate >60 
Fructose-1 ,6-diphosphate >60 


Total volume, 2.05 ml.; substrate, 0.2 ml. of a 1 m solution in H,O; protein, 
coenzyme, buffer, oxidation-reduction indicator, water, and temperature as in 
Table V. 


TasLe VII 
Effect of Glucose Concentration 


Oxygen consumption 


Final glucose concentration ——— a mitment 





60 min. ; 120 min. 
M c.mm. c.mm. 
0.050 69 114 
0.025 54 88 
0.0125 42 68 
0.006 26 44 
0.003 20 32 


Total volume, 5.0 ml.; protein, 2 ml., containing the water-soluble portion from 
20 mg. of Preparation B after centrifuging off the insoluble proteins; approximately 
13.0 mg. goes into solution; coenzymes, 0.5 ml. each of 50 mg. per cent DPN and 
TPN in 0.25 m phosphate buffer at pH 7.4; substrate, 0.25 ml. of a 0.0625 m to 1 M 
solution of p-glucose; buffer, 1.0 ml. of 0.25 m phosphate at pH 7.4; methylene blue, 
0.5 ml. of a 1:5000 solution in H,O; temperature, 38°; center well, 0.25 ml. of 10 per 
cent NaOH. 


or 10 mg. per ml. This was the concentration used to test the effect of 
varying the substrate concentration. At a 0.050 m final concentration of 
glucose (Table VII) the oxygen consumption was found to be 114 c.mm. in 
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2 hours, whereas at 0.003 m final concentration of glucose (6 per cent of 
0.050 M) the oxygen consumption was found to be 32 ¢.mm. in 2 hours 
Under comparable conditions and with 0.050 m glucose in the control vegsels 
any substrate which causes uptake in excess of 32 ¢.mm. in 2 hours would 
have to be itself oxidized or contain impurities equivalent to at least 6 per 


cent of D-glucose. 


Tasie VIII 
Effect of Various Substrates at One Protein Concentration 





Oxygen consumption 








Experiment Substrate oe 

60 min. | 120 min. 

| c.mm, c.mm, 

] | None 4 10 
p-Glucose 68 | 126 
p-Galactose (Eastman) 14 25 
p-Galactose (Eimer and Amend 20 29 
p-Mannose i) 14 

Fructose 10 16 

2 None 3 8 
p-Glucose 72 129 
p-Arabinose 34 61 
L-Arabinose 19 30 

p-Xylose (Eastman 30 53 

D Lyxose 23 43 

3 None 5 10 
p-Glucose 67 123 
p-Glucose-6-phosphate 35 68 

Fructose 6-phosphate 22 36 

Fructose-1 ,6-diphosphate 25 49 

p-Ribose 12 18 


Total volume, 5.0 ml.; substrate, 0.25 ml. of a 1 m solution in H,O; protein, 
coenzymes, buffer, methylene blue, and temperature as in Table VII; center well, 
0.25 ml. of 10 per cent NaOH. 


In Table VIII we see the effect of various substrates on the oxygen con- 
sumption at a protein concentration of 20 mg. per vessel. Those substrates 
which stimulated the oxygen consumption so that it exceeded 32 ¢.mm. in 
2 hours were p-glucose, D-arabinose, p-xylose (Eastman), p-lyxose, p-glu- 
cose-6-phosphate, fructose-6-phosphate, and _fructose-1 ,6-diphosphate. 
These substrates, therefore, are themselves oxidized by Preparation B with 
added coenzymes or contain impurities equivalent to 6 per cent of glucose. 

As a further test of actual oxidation several of the substrates were studied 
at two protein concentrations (Table IX). The 20 mg. sample per vessel 
previously used was one concentration and 3 times that amount, or 60 mg. 
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per vessel, was the other. At the lower protein concentration the substrates 
which stimulated the oxygen consumption to exceed or nearly to exceed 32 
e.mm. in 2 hours were the same as before, namely, D-glucose, D-arabinose, 
p-xylose (Eastman), D-lyxose, pD-glucose-6-phosphate, fructose-6-phos- 
phate, and fructose-1 ,6-diphosphate. These sugars were all oxidized at a 
greater rate at the higher protein concentration. p-Galactose (Eastman) 
and t-arabinose failed to stimulate the oxygen consumption to rise above 
32 c.mm. even at the higher protein concentration. 


TABLE IX 


Effect of Various Substrates at Two Protein Concentrations 





20 mg. protein 60 mg. protein 
Substrate Oxygen consumption 

60 min. 120 min. 60 min. | 120 min, 
iy | c.mm. c.mm. c.mm. c.mm 
None 5 10 5 8 
p-Glucose | 72 126 | lll 195 
p-Galactose (Eastman) 8 12 18 | 26 
p-Arabinose 24 | 44 | SO 139 
t-Arabinose | iD | 14 11 18 
p-Xylose (Eastman) 18 30 | 35 52 
p-Lyxose 22 | 36 36 56 
p-Glucose-6-phosphate | 24 44 54 | 96 
Fructose-6-phosphate 20 36 82 161 
Fructose-1 ,6-diphosphate | 26 | 50 | 82 | 148 


Total volume, 5.0 ml.; protein, 2 ml., containing the water-soluble portion from 
20 or 60 mg. of Preparation B after centrifuging off the insoluble proteins; approxi- 
mately 13.3 and 40 mg., respectively, go into solution; substrate, coenzymes, buffer, 
methylene blue, and temperature as in Table VIII; center well, 0.25 ml. of 10 per 
cent NaOH. 


It would appear then as though the only five substances which are defi- 
nitely oxidized by Preparation B in the presence of added methylene blue, 
DPN, and TPN are p-glucose, D-arabinose, p-glucose-6-phosphate, fructose- 
6-phosphate, and fructose-1 ,6-diphosphate. The oxidation of pD-xylose 
(Eastman) and p-lyxose remains uncertain. The small oxidation of all the 
other sugars appears to be due either to the presence of impurities or to a 
lack of specificity of the participating enzymes. 

The last experiments (Table X) were done with Preparation C, which 
differs from Preparation B in two respects: special precautions were taken 
to keep the preparation cold at all stages except during centrifugation when 
refrigeration was not available, and the lyophilized liver was homogenized 
in a Waring blendor with 4 volumes of cold distilled water instead of being 
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ground ina mortar. Further, in preparing the final product for use in the 
experiments reported below, the protein was dissolved in 0.25 m phosphate 
buffer of pH 7.4 instead of in water; the protein dissolved completely in the 
buffer at the concentrations used. 

The substrates were studied at two protein concentrations, 20 mg. and 
10 mg. per vessel. A substrateless control and a control containing 0.003 
mM D-glucose in final concentration (6 per cent of 0.050 m p-glucose) were 
included. All other sugars were used at 0.050 o final concentration of sub- 


TABLE X 
Oxidation of Various Substrates at Two Protein Concentrations 
20 mg. protein 40 mg. protein 

Final substrate concentration | Oxygen consumption J 

60 min. 120 min. 60 min | mete - 
uM c.mm. c.mm,. c.mm. c¢. mm. 
No substrate 17 28 20 33 
0.050 p-glucose 180 353 388 678 
0.003 p-glucose 40 67 61 97 
0.050 p-arabinose 45 100 95 166 
0.050 p-xylose (Eastman) 70 126 137 229 
0.050 p-lyxose 4] 79 71 119 
0.050 p-glucose-6-phosphate M4 95 88 151 
0.050 fructose-6-phosphate 47 80 85 138 


0.050 fructose-1 ,6-diphosphate 49 93 72 138 


Total volume, 5.0 ml.; protein, 2 ml., containing 20 or 40 mg. of Preparation C 
dissolved in 0.25 m phosphate buffer at pH 7.4; the protein is completely soluble; 
substrate, 0.25 ml. of a 1 m or 0.06 m solution in H,O to make a final concentration 
of 0.050 m or 0.003 mM, respectively; coenzymes, 0.5 ml. each of 100 mg. per cent of 
DPN and TPN in H.O; methylene blue, 0.5 ml. of a 1:5000 solution in H.O; water, 
1.0 ml.; center well, 0.25 ml. of 10 per cent NaOH; temperature, 38°. 


strate. p-Glucose, D-arabinose, D-xylose (Eastman), D-lyxose, p-glucose-6- 
phosphate, fructose-6-phosphate, and fructose-1 ,6-diphosphate gave values 
for oxygen consumption in 1 and 2 hours, and at the two protein concentra- 
tions that exceeded the 0.003 m p-glucose control. It would appear that 
all seven of these sugars are oxidized. If they are not oxidized, they should 
contain impurities equivalent to more than 6 per cent of D-glucose. 


DISCUSSION 
In 1936 Lipmann (24) and Dickens (25), working independently, formu- 
lated a hypothesis to the effect that the aerobic oxidation of glucose mono- 


phosphate in yeast might proceed through phosphogluconic acid to 
2-ketophosphogluconic acid and hence by decarboxylation to arabinose 
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monophosphate. Dickens carried the hypothesis further and suggested that 
by a repetition of the oxidations and the decarboxylations the arabinose phos- 
phate might go to a tetrose phosphate and finally to a triose phosphate. 
Breusch (8) has more recently made the suggestion that such a scheme, 
although without phosphorylation, might play a part in mammalian 
carbohydrate metabolism. He bases his hypothesis on the fact that p-glu- 
cose, D-arabinose, glyceraldehyde, and glycoaldehyde, and possibly pb-ery- 
throse are all oxidized in the presence of a Latapie mince of cat liver when 
methylene blue is the oxidation-reduction indicator. It is toward the 
evaluation of such a scheme as this that the present work is especially 
directed. 

Since Miiller (7) had reported that p-galactose and p-xylose were oxidized 
by preparations of ox liver and since Breusch (8) had found that these two 
were not oxidized by cat liver, it was necessary to verify the results of one 
or the other. It appears from our experiments that pD-galactose is not 
oxidized by lamb liver, but that p-xylose is readily oxidized, at least by some 
preparations. D-Xylose does have in its first 4 carbons the same spatial 
configuration that exists in the first 4 carbons of p-glucose, which suggests 
that the oxidation may be due to a lack in specificity of p-glucose dehydrogen- 
ase. Miiller’s (7) results with p-galactose may have been due to the high 
concentration of substrate that he was using. His final concentrations 
ranged from 0.125 to 0.50 mM, whereas Breusch used 1 mg. to 3 ml. of fluid 
to make a final concentration of approximately 0.002 M. 

Whether the phosphorylated hexoses that are reported oxidized here are 
directly dehydrogenated is not certain, since the possibility exists that they 
may be split to trioses, perhaps to phosphoglyceraldehyde, and that the 
oxygen consumption represents oxidation to phosphoglyceric acid. It is 
possible also that Zwischenferment from red blood cells is present in these 
preparations, since much blood remains in the liver even though the animals 
had been exsanguinated. 


SUMMARY 


1. The preparation of a mixture of partially purified dehydrogenases 
from lyophilized lamb liver is described. 

2. The slow decline in the rate of oxygen consumption by surviving 
rabbit liver slices is partly prevented by the addition of only fructose-1 ,6- 
diphosphate from among a number of phosphorylated hexoses and non- 
phosphorylated hexoses and pentoses. 

3. D-Glucose, D-arabinose, D-xylose, D-lyxose, p-glucose-6-phosphate, 
fructose-6-phosphate, and fructose-1 ,6-diphosphate are oxidized in the 
presence, but not in the absence, of methylene blue when diphosphopyridine 
nucleotide, triphosphopyridine nucleotide, and a partially purified protein 
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preparation from lyophilized lamb liver are added. It is not suggested that 
the first step in the oxidation of all seven of these compounds is dehydro- 
genation. pD-Galactose and several other sugars are not oxidized. 

t. A modification in the first step in the synthesis of D-glucose-6-phos- 


phate, 7.e. in the synthesis of diacetone glucose, is presented. 
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It was stated in preliminary reports (1, 2) that the hexokinase reaction, 
glucose + adenosine triphosphate — glucose-6-phosphate + adenosine 
diphosphate, in muscle extracts from rats made diabetic with alloxan was 
markedly inhibited by the addition of adrenal cortex extract, while no 
inhibition was observed when adrenal cortex was added to extracts of nor- 
mal rat muscle. Hexokinase preparations (muscle, brain) of normal 
animals could be inhibited, however, by the addition of certain protein 
fractions of the anterior pituitary, particularly in the presence of adrenal 
cortex extract, and this inhibition, like that observed in diabetic extracts, 
could be counteracted by insulin. 

Other experiments indicated that insulin was not an accelerator of the 
reaction, since it did not exert an effect unless the system was inhibited by 
adrenal cortex alone in diabetic extracts and by pituitary plus adrenal 
cortex in normal extracts. This raised the question whether the diabetic 
extracts contained an inhibitory factor similar to that prepared from the 
anterior pituitary. On the assumption that the phenomena are related, 
the experiments with extracts of diabetic rat muscle and the preparation of 
inhibitory pituitary fractions will be described in this paper. 


EXPERIMENTAL 


Hexokinase in Muscle Extracts of Diabetic Rats—In some of the early 
experiments rats were injected intraperitoneally with 200 mg. of alloxan 
per kilo; the degree of glycosuria varied considerably in the different ani- 
mals and there were a number of fatalities. More uniform results were 
obtained when the procedure of Kass and Waisbren (3) was adopted, which 
consists in fasting the animals for 48 hours before injecting the above dose 
of alloxan subcutaneously. After the injection the animals were given 
food ad libitum and the urine was collected in individual metabolism cages. 
The animals showing marked glycosuria were killed about 2 days after the 
injection. About 10 gm. of leg muscle were rapidly excised and minced 


* This work was supported by a research grant from Eli Lilly and Company and 
the Nutrition Foundation, Inc. 
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with scissors on a glass plate in a cold room at 5° to a medium degree of 
fineness. The minced muscle was rubbed vigorously for 4 minutes in a 
mortar after addition of 1.5 volumes of water. In a few experiments a 
solution of 0.05 M phosphate (pH 7.5)-).08 m NaCl was used for extraction, 
which did not seem to make any difference in the results. The muscle 
pulp was either centrifuged or strained through gauze, and the extract 
tested immediately. The pH of the water extract was about 6.4 and of 
the phosphate-saline extract 6.9. 

The extraction must accomplish two things; it must yield an active hexo- 
kinase preparation and it must at the same time give a maximum yield of 
the inhibitory factor. The optimal conditions for dealing with these two 
variables have not been worked out. What limits the possibilities is the 
great instability of the inhibitory factor, making speed of the preparation 
of the extract and maintenance of a low temperature prime prerequisites 
of a successful experiment. 

The muscle extract (0.8 cc.) was added to the main compartment of two 
Warburg manometer vessels, each of which contained 1 ec. of 0.02 m MgCl, 
0.06 m NaHCOs, 0.1 ec. of the Upjohn adrenal cortex extract, and in one 
case 0.1 ec. of H,O and in the other 0.1 cc. of insulin! solution (100 y). 
The side bulb of the Warburg vessels contained in each case 0.1 cc. of 1 
per cent glucose, 0.15 ec. of 0.9 m NaF,? 0.05 m NaHCOs, and 0.1 ee. of 
0.1 m adenosine triphosphate. The contents of the two Warburg vessels 
(2.35 ec.) differed therefore in only one respect; namely, that insulin was 
present in one and not in the other. 

The vessels were gassed for 4 minutes with 5 per cent CO .-95 per cent 
N, and equilibrated for 5 minutes at 30° (pH about 7.5). The contents of 
the side bulbs were mixed with the main compartments and liberation of 
CO, was measured for 10 to 15 minutes or longer, depending on the activity 
of the extracts. At the end of the incubation period, aliquots of the vessel 
contents were precipitated with 1 volume of Ba(OH): and 1 volume of 
ZnSO, according to Somogyi, and the glucose determined in the filtrate 
according to Nelson (4). The Ba(OH), and ZnSO, solutions should be so 
adjusted that the filtrates (pH of filtrate about 7.2) are free of either Ba or 
Znions. A third sample was fixed before incubation in order to determine 
the initial glucose content. About 1 mg. of glucose was present initially 
and, since the experiments were so arranged that a substantial part of the 
glucose disappeared, the calculations are based on large differences in the 
glucose readings and involve a multiplication factor of only 12. Control 
experiments showed that added hexose phosphate esters were precipitated 

1 An amorphous preparation of insulin, assaying 20 units per mg., was kindly sup- 


plied by Dr. Chen of Eli Lilly and Company. 
? NaF was added.in order to inhibit adenylpyrophosphatase. 
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by the Ba-Zn treatment and that the deproteinized filtrate contained only 
a negligible amount of non-sugar reducing substances. 

Because of their greater accuracy the glucose determinations were relied 
upon to calculate the per cent inhibition of glucose utilization. For this 
reason the values for CO, evolution are not reported in detail, except to 
illustrate (Fig. 1) that an inhibition, when present, can be detected by the 
manometric method and that addition of adrenal cortex extract increases 
the inhibition very markedly.* In most cases there was a rough quantita- 
tive agreement between the CO, readings and the subsequent glucose de- 
terminations. The manometric procedure was used because it provided 
for continuous mixing, a factor which was found to be of importance; 
it also indicated a suitable time at which to interrupt the experiment for 
glucose determinations and it served as an independent method for evaluat- 
ing the experiment. All values in Tables I to VII are calculated for an 
incubation period of 10 minutes; as shown in Fig. 1, the reaction rate is 
approximately linear. 

In Table I are summarized experiments on muscle extracts of nine dia- 
betic rats and one diabetic rabbit. Inhibitions ranging from 27 to 64 per 
cent were observed when the extracts were tested immediately after prep- 
aration. Also included are four experiments on extracts of normal rat 
muscle; they show that insulin had no stimulatory effect on the hexokinase 
reaction and they illustrate the precision of the measurements when no 
inhibition is present. Other control experiments belonging to this series 
which are not specifically recorded consisted in testing the activity of muscle 
extracts of normal rats without any additions and with the addition of 
insulin or adrenal cortex separately or combined; in all of these cases the 
disappearance of glucose did not vary by more than +5 per cent. 

That the effect of insulin consists in the removal of an inhibition of hexo- 
kinase activity and not in an acceleration of the reaction is also shown in 
the last three columns of Table I. When the muscle extracts were kept 
for 45 to 270 minutes at 0° and then retested, the activity of the 
sample without insulin had risen in most cases to the level observed in the 


? In these extracts there is a considerable production of CO: without the addition 
of glucose (Fig.1). This is due, in part, to the presence of some glucose in extracts of 
diabetic rats. One cannot therefore deduct the “‘basal’’ values from those obtained 
in the presence of glucose. Furthermore, NaF does not completely suppress adeno- 
sinetriphosphatase activity, and there is also some acid production in samples to 
which no adenosine triphosphate has been added. Two equivalents of CO: are 
evolved for each molecule of glucose used, because both the glucose added and tue 
hexose monophosphate formed in the hexokinase reaction serve as phosphate ac- 
ceptors. The inhibition concerns only the first reaction. All these factors decrease 
the accuracy of the manometric determination and it serves merely to give the degree 
of inhibition of the hexokinase reaction. 
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presence of insulin. In only two experiments did the inhibition persist 
after the extract had been stored for an hour or longer at 0°. In two ex. 
periments the extracts were frozen at —20° immediately after preparation; 
on thawing and retesting, the hexokinase was no longer inhibited.4 These 
experiments show that the inhibitory factor is very labile, and, as will be 
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Fic. 1. Effect of adrenal cortex extract (ACE) and insulin on CO, production in 
extract of muscle from rats made diabetic with alloxan. The composition of the 
reaction mixture is given in the text. The control sample contained neither ACE 
norinsulin. Terminal glucose determinations showed that the inhibition was 67 per 
cent for the sample which contained ACE, as compared to the sample which contained 


ACE plus insulin. 


shown later, it resembles in this respect the inhibitory factor prepared from 
the anterior pituitary. Whether or not the disappearance of the in- 
hibitory factor is due to enzymatic destruction has not been determined 
with certainty. 
A total of thirty experiments on diabetic and six experiments on normal 
‘ In a few instances the inhibitory action was not destroyed by freezing the muscle 


extract. 
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rat muscle was carried out; these are summarized in Table II. None of 
the normal extracts showed significant inhibitions. Of the diabetic ex- 


TaBLe | 
Effect of Insulin on Glucose Utilization in Extracts of Muscles from Rats Made 
Diabetic with Alloxan 
The composition of the reaction mixture is given in the text. Incubated for 
10 minutes at 30°; adrenal cortex extract was added to all the samples. 


Glucose utilized per Glucose utilized 


| 
Inhibition | Extract stored 











te ee 2.35 cc. reaction mixture ; when retested Inhibition 
Mins inte n reacti — without at O° before when retested without 
No insulin Insulin No insulin | Insulin 
hrs. y ¥ per cent min. Y Y per cent 
{1 215 575 64 70 | 560 | 550 0 
48 175 380 54 Frozen 260 | 260 0 
47 113 238 53 120 128 189 32 
13 144 264 | 45 | 75 | 160 | 242 34 
27 160 825 14 60 795 | 810 2 
4] 128 218 $] 270 ISS 198 5 
43 535 S65 | 38 105 ; 795 | 830 4 
50 360 580 38 | Frozen | 405 | 405 0 
43* 170 255 33 60 | 165 160 -3 
18 115 570 27. | 15 | 510 | 490 0 
Normal 166 186 | 1] | 
- 336 346 3 
¢ 378 376 0 
na 210 203 0 


* Diabetic rabbit. 


TABLE I] 


Summary of Data on Inhibition of Herokinase Reaction in Muscle Extracts of 
Diabetic Rats 


Per cent inhibition calculated from glucose measurements with and without 


insulin. 
Per cent inhibition 
No. of rats ee es — — Remarks 
Range Average 

= ee om = — = | = - — — — - — 

7 42-76 5l | Injected with alloxan 

S 21-38 = ys 25 

15 0-13 3 wi a = 

3 


6 0-11 | Normal controls 


tracts fifteen showed inhibitions ranging from 76 to 21 per cent, while 
fifteen showed either inhibitions of less than 14 per cent, which were not 
regarded as significant, or no inhibitions at all. Although the diabetes 
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varied in intensity in the different animals, the most probable explanatig, 
for the negative results is the instability of the inhibitory factor. Singg , | 
short period of storage at 0° leads to its disappearance (Table I), it seems 
likely that this process was going on continuously during the preparation of 
the extract and that in some cases the inhibition had disappeared com. 
pletely before the enzyme test was started. 

Graded effects of insulin and adrenal cortex extract on the hexokinase 
reaction in diabetic muscle extract are shown in Fig. 2. When 0.05 ce. of 
the Upjohn extract was added to 2.35 cc. of the reaction mixture, it pro. 





O.ice. A.C.E. 


0.05 ce. A.C.E. 
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wane | 
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O.lce. AC.E, + SO Insulin 





O.lec. ACE. + 10 7% Insulin 















| = 
20 40 6° 

Percent Activity 
Fic. 2. Effect of Upjohn adrenal cortex extract (ACE) and of insulin on hex | 


kinase activity of muscle extracts of rats made diabetic with alloxan. Additions | 
per 2.35 cc. of reaction mixture. | 


duced as much inhibition as 0.1 cc., while 0.01 ec. was less effective. Both | 
100 and 50 y of insulin counteracted the inhibition in the presence of 0 | 
ce. of adrenal cortex extract, while 10 y gave only a partial reversal of the | 
inhibition. 

Preparation of Brain Hexokinase—Fresh beef brain was chilled on ice, 
and, after removing the adhering membranes, the gray matter was stripped | 
off and homogenized in a Waring blendor in the cold. The homogenate 
was slowly added to 10 volumes of acetone (—5°) while the blendor was in 
operation and was homogenized for 2 minutes. The material was filtered 
on a Biichner funnel and the filter cake washed with cold acetone and dried 
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in vacuo over H,SO,. The dry powdered material could be stored in a 
desiccator in the cold for several months without loss of activity. Extracts 
were prepared from the powder with 8 volumes of ice-cold distilled water. 
After centrifugation (10,000 R.p.M.), the clear supernatant fluid was used 
as a source of hexokinase. These extracts kept their activity fairly well 
for several hours when stored at 0° and could also be stored frozen for a week 
or longer without significant loss of activity. 

Fractionation of the aqueous extract of the acetone powder with ammo- 
nium sulfate between 0.3 and 0.5 saturation doubled the activity per mg. of 
protein, and further purification could be effected by precipitation between 
0.45 and 0.6 saturation. This partially purified hexokinase did not convert 
added glucose-1-phosphate to glucose-6-phosphate or to glucose and in- 
organic phosphate during 20 minutes of incubation at 30° in the presence 
of 0.01 m MgCl, and 0.08 m NaF. The same enzyme preparation formed 
large amounts of hexose-6-phosphate and hexose diphosphate from glucose 
and adenosine triphosphate. This indicates that, as in the case of yeast 
hexokinase (5), the primary phosphorylation product of brain hexokinase 
is glucose-6-phosphate. 

Preparation of Inhibitory Factor from Anterior Pituitary—The concentra- 
tion of active material in the crude extracts described below was found to 
be too low to demonstrate any effect when 0.4 cc. was added to the hexo- 
kinase test system.® 

A number of procedures were tried for concentrating the active material, 
of which four will be described. In all cases the pituitary glands were ob- 
tained at the slaughter-house as rapidly as possible after the death of the 
animal and frozen in solid CO2. In most cases glands which had been 
stored frozen for not more than 3 days were used, since longer storage 
sharply reduced the number of successful preparations. 

In the case of beef glands, the anterior lobes were separated from the 
posterior lobes and connective tissue while still in the frozen state. In the 
case of sheep the whole glands were used. The frozen tissue was first 
passed through a meat grinder and then ground in a mortar with sand. 
This and all further steps were carried out in a cold room at 5°. To the 
tissue paste were added 5 volumes of distilled water. Further steps are 
described below. All centrifugations were carried out at 10,000 R.p.M. 
by means of the multispeed attachment of the International centrifuge. 


* When 3 to 5 ce. of the crude extract were injected intraperitoneally in normal rats 
and a muscle extract was prepared 2 to 3 hours later, the hexokinase activity in these 
muscle extracts showed in a number of cases the same behavior as in extracts of dia- 
betic rat muscle. There was an inhibition of hexokinase activity in the presence of 
adrenal cortex extract, when compared to a sample to which adrenal cortex extract 
and insulin had been added. The percentage of positive results was smaller than in 
the series with diabetic rats. 
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The crude extract was centrifuged for 10 minutes, while all fy. 
ther centrifugations were for only 2 to 5 minutes. The pH was controlled 
by means of a glass electrode. 

Procedure 1--To the ground glands suspended in water was added 02 
N Ba(OH), to bring the pH to 9.8 to 10.2. After 30 minutes of extraction 
the material was centrifuged. The turbid supernatant fluid was brought 
to pH 6.8 with 0.05 x H,SO, and the precipitate discarded after centrifuga. 
tion. More H.SO; was added to the clear supernatant fluid until pH 57 
was reached. The precipitate was collected by centrifugation, washed with 
distilled water on the centrifuge, and dissolved in the smallest possible 
volume of 0.05 M NasHPO,. The solution was diluted ten times with water, 
the pH adjusted to 6.8, and centrifuged. From the supernatant fluid 
two protein fractions were obtained, one precipitating between pH 68 
and 6.3 and the other between 6.3 and 5.7. Both were dissolved in 0.05 
M NasHPO; and immediately tested for inhibitory action. The combined 
fractions represented about 20 per cent of the total extracted proteins. 

Procedure 2—The tissue was extracted with Ba(OH), or NaOH for 30 
minutes at pH 10 to 11, as described in Procedure 1. After centrifugation 
the alkaline supernatant fluid was treated with 0.1 volume of an aluminum 
hydroxide, Cy, solution containing 20 mg. of Al(OH) ; per ec. The ad- 
sorbed material was centrifuged off, washed with water, and eluted with 
0.1 Mm NasHPO,. The clear eluate was used for the test; it contained about 
t per cent of the extracted protein. 

Procedure 3—0.05 X HeSO, was added to the crude aqueous suspension of 
the glands until the pH was 5.7, and the suspension was centrifuged im- 
mediately. With this procedure only one-half as much protein is extracted 
as with Procedures 1 and 2. The supernatant fluid was brought to pil 
5.3 with more H.SO, and 2 volumes of distilled water were added. The 
precipitate which formed was centrifuged off, dissolved in 0.05 mM Na,HPO, 
and tested immediately. About 14 per cent of the extracted protein 
was recovered in this fraction. 

Procedure 4—The undiluted supernatant fluid, pH 5.3, described in 
Procedure 3, was treated with 0.1 volume of AI(OH);. The adsorbed 
material was washed with water and eluted with 0.1 m NagHPO,. The 
yield was about 15 per cent of the extracted protein. 

The test system, total volume 2.35 cc., had the same final composition 
as that described for muscle extract, except that 0.3 ce. of brain hexo- 
kinase was used as the source of the enzyme and 0.4 cc. of pituitary frac- 
tion containing 0.02 m NaHCO; was placed in a second side bulb of the 
Warburg vessels. After gassing with 5 per cent CO»-95 per cent s 
and temperature equilibration, the contents of the main compartment and 
side bulbs were mixed to start the reaction. As in the case of the experi- 
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ments with muscle extracts, two identical vessels were prepared, except 
that one contained 100 y of insulin while none was added to the other. 
Table III shows that treatment of insulin with 0.05 x KOH for 3 hours at 
37° destroys its activity in the hexokinase test system. 


TABLE III 


Effect of Treatment of Insulin with Alkali on Its Ability to Release Brain 
Hexokinase from Pituitary Inhibition 


Amorphous insulin incubated in 0.05 n KOH for 3 hours at 37°. 1.7 mg. injected 
intravenously into each of two rabbits caused no lowering of blood sugar levels. 
Pituitary fractions prepared according to Procedure 1. Incubated for 10 minutes 
at 30° without insulin and with 100 y of native or alkali-treated insulin. Adrenal 
cortex extract was added to all the samples. 


Glucose utilized per 2.35 cc. 


Inhibition 
reaction mixture 


Pituitary 
protein added 


Pituitary fraction 





+. :..y5:. | Alkali-treated | Native 2 . | Alkali-treated 
No insulin insulin | insulin No insulin | insulin 
me. ¥ Y Y per cent per cent 
‘pH 6.2-5.7 10.9 270 | ~~ 300 oe 
6.8-6.2 | 1.2 385 375 445 13 16 
| | | 


TaBLe LV 
Effect of Pituitary Extract and Adrenal Corter Extract on Brain Hexokinase in 
Absence and Presence of Insulin 
The pituitary preparations (APE) were made according to Procedure 1 (pH 6.3 
to 5.7 precipitates). 0.1 ec. of the Upjohn adrenal cortex extract (ACE) and 100 y 
of insulin (I.) were added. Incubated for 10 minutes at 30°. 
Glucose utilized per 2.35 cc. reaction mixture Inhibition 
(calculated from 


Experiment No. ———_-— — me i: 4th and 5th 
APE + ACE |APE +ACE +I. columns) 


No additions APE 
: ‘wiles Y | Y y per cent 
1 552 | 510 | 355 530 33 
556 | 535 | 400 525 24 
2 532 | 527 310 518 | 40 
3 342 
| 


225 | 198 348 43 





Table IV shows three experiments with a pituitary fraction prepared by 
Procedure 1; in two of these experiments there was no inhibitory effect un- 
less adrenal cortex extract was also added; in the third experiment the 
pituitary fraction alone had an inhibitory effect, which was increased by 
the addition of adrenal cortex extract. For this reason adrenal cortex 
extract was added in all assays for pituitary inhibitor. Table IV also 
shows the activity of the brain hexokinase without any additions and 
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illustrates the fact that the inhibition is removed by insulin. Control 
experiments have also been carried out which show that adrenal cortex 
extract in the absence of the pituitary inhibitor had no effect on the hexo- 
kinase reaction. 


TABLE V 
Effect of Pituitary Extracts on Beef Brain Herokinase 
Adrenal cortex extract was added to all the samples; incubated for 10 minutes 
at 30°. 





Glucose utilized | a 
nar per 2.35 cc. reac-| a Extract slucose utilized 
Procedure | <-:, Pituitary tion mixture en sinned at when retested Inhibition 
oe Se -————4 oe | oe ‘mal 
._ No. | Ins ulin | Te No Insulin 
| insulin insulin 
me. | Y Y | per cent min, ¥ Y per at. 
1 | Beef 135 | 230 | 4 
= 290 | 450 | 36 
6.2 320 | 435 | 26 | 
Calf 7.7 | 325 | 490 | 34 
Sheep | | 300 | 500 | 10 
” | 4.7 145 | 230 | 37 | 
2 “« 1 3.1 | 130 | 360 | 64 
n 1.0 245 | 360 32 70 | 280 | 305 | 8 
185 | 265 | 30 120 260 | 260 | 0 
= 3.0 195 275 | 29 
“ | 2.8 | 275 | 385 29 | 
3 Horse* 230 140 1S 60 {85 
ad 330 | 485 32 120 =| «370 | 350 | —5 
Sheep 5.2 | 120 | 520 77 
; = | 145 | 340 57 70 360 400 10 
” | 2.8 | 255 | 495 19 
280 180 {2 Frozen 525 505 —4 
4 5.4 105 445 76 iO 385 
5.1 220 390 44 
155 275 44 30 305 320 5 
| 275 350 21 





t 


* Lyophilized glands. 


Representative experiments with fractions obtained by the four procedures 
are shown in Table V, while a summary of all experiments on twenty-seven 
different batches of glands is given in Table VI. None of the procedures 
invariably yielded an active extract. In Table VI all experiments on glands 
stored not longer than 3 days are listed as negative, if the inhibition was 
less than 14 per cent. Although all positive and negative experiments are 
recorded, it should be understood that the actual number of each is in- 
fluenced by the number of trials that were made with each batch of glands. 
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Actually each of the twenty-seven batches yielded an active extract by one 
or the other method of preparation. 

There were twelve other positive experiments in which other procedures 
were tried, such as fractionation of the alkaline extract with ammonium 
sulfate between 0.2 and 0.45 saturation, dialysis and isoelectric precipita- 
tion between pH 6.8 and 5.8, adsorption with Al(OH); at different pH 
levels, and the use of muscle extract instead of brain hexokinase as the test 
system. In still other experiments the measurement of CO, production 
was omitted and the reaction mixture was incubated in test-tubes without 
shaking. Although this method appeared satisfactory, there were several 
tests in which the sample incubated in Warburg vessels gave a positive 
result, while the same pituitary fraction, when incubated in test-tubes 
without shaking, showed no inhibitory action. 


TaBLe VI 
Summary of Inhibitions of Hexokinase Activity Obtained with Fractions of 
Pituitary Gland 


i aceeds 
No. of preparations Per cent inhibition of 


Procedure No. aecan Remarks 
Positive Negative Range Average 
1. pH 6.8-6.3 ppt. 7 } 14-36 25 7 batches (4 beef, 3 
sheep) 
1“ 6.3-5.7 “ 6 t 20-41 34 
2 6 3 14-64 33 5 batches (sheep) 
3 17 7 15-77 41 9 <4 = 
4 6 5 20-76 46 6 . Fe 


In Procedure 1, Table VI, the pH 6.8 to 6.3 precipitate was less active 
per mg. of protein than the pH 6.3 to 5.7 precipitate. Acid extraction 
followed by isoelectric precipitation between pH 5.7 and 5.3 or adsorption 
of the acid extract with Al(OH); (Procedures 3 and 4, Table V) yielded 
more active extracts, since 3 to 5 mg. of protein per test gave inhibitions of 
44 to 77 per cent. Only 1 to 3 mg. of protein were required for 29 to 64 
per cent inhibition when Procedure 2 was used. Active preparations were 
also obtained on three occasions from a lyophilized horse pituitary powder 
kindly supplied by Dr. Campbell of Eli Lilly and Company. After more 
prolonged storage this powder failed to yield active material. When the 
purified fractions of pituitary were lyophilized, the activity was lost. 

In several cases the tests were repeated after the pituitary fractions had 
stood for 30 to 120 minutes in an ice bath or after they had been frozen, 
but invariably the inhibitory action had disappeared. As shown in Table 
V, in these cases the hexokinase activity in the sample with insulin remained 
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about the same, while the sample without insulin showed in each Case ; 
‘greater activity than in the test with the freshly prepared pituitary extrae 
These observations duplicate those recorded in Table I with muscle extraets 
of diabetic rats. Various attempts were made to increase the stability ¢ 
the inhibitory fractions by keeping them at various hydrogen ion concen. 
trations or in an atmosphere of No, or by adding various ions or a boiled 
juice of pituitary glands, but so far none of these and other procedures 
have been successful. 

During a visit of Dr. Li an opportunity was afforded for testing thre 
highly purified pituitary hormones prepared by him in Dr. Evans’ labors. 
tory. Growth, adrenotropic, and lactogenic hormone preparations had no 
inhibitory effect on the hexokinase reaction (Table VII). 


TABLE VII 
Absence of Inhibitory Effect of Highly Purified Pituitary Hormones 
1 mg. of each was added to 2.35 ec. of reaction mixture. Adrenal cortex extract 


was added to all the samples; incubated for 10 minutes at 30 


Glucose utilized per 2.35 cc. 
reaction mixture 


Hormone Inhibition 
No insulin Insulin 
7 Y per ceni 
Growth 340 340 0 
Adrenotropic 380 410 7 
Lactogenic “8 300 330 9 


DISCUSSION 





Since adrenal cortex extract produces a marked inhibition of hexokinase | 


activity in muscle extracts of diabetic rats, but has no effect on the hexoki- | 


nase activity of normal muscle or brain extracts unless a pituitary fraction is 
also added, the authors would like to draw the tentative conclusion that 
there is present in muscle extracts of diabetic rats an inhibitory substanee, 


possibly of pituitary origin. Such a substance may also be present in ex- | 


tracts of normal muscle, but it cannot be demonstrated, either because less 
is present or because there is enough insulin in the extracts to nullify its 
action. 

Some support for the above concept is derived from the fact that adrenal 
cortex extract fails to inhibit diabetic muscle preparations which have been 
stored for short periods at 0°. This certainly indicates the loss of a factor 
participating in the inhibition, and its remarkable lability resembles that 
observed with the inhibitory substance prepared from pituitary glands. 


Furthermore, the response of diabetic muscle extracts to increasing amounts 
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of adrenal cortex extract is of the type to be expected if another substance 
were participating in the inhibition and were the limiting factor determining 
the maximum degree of inhibition obtainable with an excess of adrenal 
cortex extract. The final proof for the pituitary origin of this substance 
will rest on the demonstration that adrenal cortex extract fails to inhibit 
the hexokinase activity of muscle extracts from hypophysectomized rats 
treated with alloxan. 

Whatever the nature of the inhibition of the hexokinase reaction, there 
can be no doubt that insulin exerts an antagonistic effect and that this repre- 
sents a reproducible in vitro effect of insulin. In every case in which an 
inhibition was obtained, addition of insulin completely abolished the in- 
hibitory effect. The possibility that this might be a non-specific protein 
effect is made extremely unlikely by the high concentration of other pro- 
teins in the test system and by the abolition of the effectiveness of insulin 
by mild treatment with alkali. 

The difficulty in obtaining consistent inhibitions of the hexokinase re- 
action is due largely to the lability of the pituitary factor. In a crude ex- 
tract of the pituitary, the factor is relatively stable over a wide range of 
pH, since active material may be obtained after extraction at pH 10 for 
periods up to 2 hours, or after extraction at pH 5.7 for somewhat shorter 
periods, while the partially purified material loses its activity completely 
during even shorter periods of standing at either pH. It cannot be de- 
cided at present whether the rapid loss in potency is the result of an enzy- 
matic destruction of the active substance or the result of some physico- 
chemical change such as denaturation, oxidation, or formation of an 
inactive complex. 

Efforts are also being directed toward elucidating the nature of the active 
substance in adrenal cortex extract. Preliminary experiments indicate 
that the substance is present in the so called “amorphous fraction” (2). 

The possible physiological significance of the observations recorded in 
this paper has been discussed elsewhere (6) and it has been pointed out that 
they are in agreement with Houssay’s and Long’s experiments, which 
show that the anterior pituitary and the adrenal cortex exert an inhibitory 
effect on the utilization of blood sugar in depancreatized animals. It has 
also been emphasized that insulin may have other points of action besides 
its effect on the hexokinase reaction. 


SUMMARY 
1. The hexokinase activity of extracts of muscle of diabetic rats can be 
inhibited by the addition of adrenal cortex extract. Out of thirty different 
muscle extracts from rats made diabetic by injection of alloxan, fifteen 
showed inhibitions ranging from 21 to 76 per cent, while fifteen showed 
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inhibitions of 14 per cent or less. Maximum inhibition is obtained with 
0.05 ec. of adrenal cortex extract (Upjohn) per 2.35 ce. of reaction mixture. 
larger amounts having no further effect. 

2. The hexokinase activity of extracts of normal rat muscle or beef brain 
is not inhibited by adrenal cortex extract, but can be inhibited 30 to 75 
per cent by the further addition of 1 to 7 mg. of a protein fraction fromthe 
anterior pituitary. 

3. Either of the above inhibited systems serves as a suitable test object 
for the demonstration of a reproducible 7n vitro effect of insulin on the hexo- 
kinase reaction, consisting in the complete removal of the inhibition, 
About 50 y of insulin are sufficient to counteract the effect of 0.1 ee. of 
adrenal cortex extract on diabetic muscle extracts. Treatment of insulin 
with 0.05 xn KOH for 3 hours at 37° abolishes its effectiveness in the hexo- 
kinase test system. 

4. It is proposed that the inhibitory effect of adrenal cortex extract alone 
on diabetic muscle extracts depends on the presence in the latter of an in- 
hibitory factor, presumably of pituitary origin. 

5. Various procedures for the preparation of the inhibitory factor from 
pituitary glands are described. Acid or alkaline extractions may be used, 
followed by either isoelectric precipitation or adsorption on alumina and 
elution of the active material with phosphate. All preparations obtained 
so far are exceedingly unstable, and in this respect bear a striking resem- 
blance to the inhibitory substance in diabetic muscle extracts. 

6. Highly purified preparations of the adrenotropic, lactogenic, and 
growth hormones have been tested for inhibitory action with negative re- 
sults. 

7. Beef brain hexokinase has been partially purified by ammonium sulfate 
fractionation, and it has been shown that the hexokinase reaction in brain, 
just as in yeast, consists in a phosphorylation of glucose by adenosine 
triphosphate in the 6 position without the intermediate formation of glu- 
cose-1-phosphate, 
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THE DISTRIBUTION, RETENTION, AND EXCRETION OF 
RADIOPHOSPHORUS* FOLLOWING THYROPARATHYROID- 
ECTOMY, OR BILATERAL NEPHRECTOMY, AND THE 
ADMINISTRATION OF PARATHYROID EXTRACTT 


By WILBUR R. TWEEDY, MAX E. CHILCOTE,{ anp MARY C. PATRAS 


(From the Departments of Biological Chemistry and Physiology, Loyola University 
School of Medicine, Chicago) 


(Received for publication, January 30, 1947) 


In 1898, ver Eecke (1) reported a conspicuous decrease in the excretion 
of phosphorus in the urine after thyroidectomy, and attributed it to the 
loss of thyroid function. In 1911, Greenwald (2) found that the diminished 
urinary excretion of phosphorus following thyroidectomy was due to the 
concurrent parathyroidectomy, and not to the removal of the thyroid. 
Greenwald (3) observed that following parathyroidectomy in dogs there 
occurred a marked retention of acid-soluble phosphorus in the blood and 
a diminished excretion of phosphorus in the urine. This observation 
was subsequently confirmed by many investigators. 

In later studies, Greenwald (4) found that the amount of phosphorus 
in the urine of fed dogs during the first 24 hours following parathyroidec- 
tomy might be reduced to as low as 2 per cent of the preoperative value. 
Furthermore, he observed that the very marked retention of phosphorus 
in the first few days after parathyroidectomy was followed after the ap- 
pearance of tetany by an increased urinary excretion of phosphorus. From 
his experimental results, Greenwald (4) reasoned that the failure of para- 
thyroid function must occur immediately upon removal of the glands. 

By the tracer technique, it has been observed in our experiments and 
in a preceding investigation (5) that the retention of labeled phosphate 
entering the tissues is affected differently in experimental hyperparathy- 
roidism than in experimental hypoparathyroidism. In the former con- 
dition there was an increased retention of the administered radiophosphorus 
in the liver and the kidneys, and an accelerated urinary excretion of radio- 
phosphorus that reduced the amount taken up by the bone. In the latter 
condition, the marked retention of the administered radiophosphorus in 
the bone and the other tissues is attributed to a greatly diminished urinary 


“re. 

t Presented, in part, before the Thirty-seventh annual meeting of the American 
Society of Biological Chemists at Atlantie City, March, 1946. 

} Present address, Department of Agricultural and Biological Chemistry, Frear 
Laboratories, State College, Pennsylvania. 
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excretion of radiophosphorus, arising from the sudden withdrawal of 
parathyroid hormone. 

The data presented in this paper support the view that the parathyroid 
hormone influences phosphorus metabolism by acting directly upon the 
kidneys. 

EXPERIMENTAL 


Young adult rats of the Sprague-Dawley strain were used. They were 
reared on a diet consisting of Purina fox chow, supplemented by greens 
once weekly. The paired animals, shown in Tables I to V, were litter 
mates of the same sex. The experimental animals were subjected to 
thyroparathyroidectomy or bilateral nephrectomy while under ether 
anesthesia. 

The tracer dose of phosphate used in the experiments consisted of 0.5 
ml. of an aqueous solution of 3 mg. of phosphorus in the form of NasHPO,, 
containing 8 to 15 microcuries. The labeled phosphate was adminis- 
tered intraperitoneally, and parathyroid extract,' when also employed, 
was injected subcutaneously. Immediately after the injection of the 
labeled phosphate, the experimental animal and its control were placed 
in separate wire bottom cages over urine-feces separators (6). 

At the end of the desired period, measured from the time of the ad- 
ministration of the labeled phosphate, blood was collected from the cut 
tail of the unanesthetized animal, or in some instances from the severed 
carotid arteries. The blood sample was used for the determination of 
serum calcium and serum inorganic phosphorus, or for the measurement 
of radioactivity. Serum calcium was determined by a modification (7) 
of the Kramer-Tisdall method (8), and serum inorganic phosphorus was 
determined by Holman’s method (9). 

The animals were killed by a blow on the head, or by decapitation, and 
the desired tissues removed for the measurement of radioactivity. The 
preparation of the tissue samples and the excreta for the measurement of 
activity, and the method used for their measurement are described in a 
previous publication (5). A further description of the five series of ex- 
periments follows. 

Series I—The food intake of the first four pairs of animals (Table I) 
was not restricted either before or after the experimental animals were 
subjected to thyroparathyroidectomy. The other experimental animals 
and their controls (Table I) consumed the stock diet ad libitum up to the 
time of the operation. After the operation, the controls were limited to 
about the same amount of food consumed by the animals operated on. At 
various intervals, ranging from a few hours to approximately 25 days 


' Manufactured by Eli Lilly and Company. 
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after the operation, the experimental animals and their controls were in- 
jected with labeled phosphate. 18 hours later the animals were sacrificed. 
The serum calcium values and the activity measurements of the tissues 
and excreta are shown in Table I. 

Series IJ—The animals used in these experiments received the stock diet 
ad libitum up to and including the experimental period. Approximately 
24 hours after thyroparathyroidectomy, each experimental animal was 
injected with a single dose of parathyroid extract, ranging from 500 to 
20 units in potency. 1 hour later a tracer dose of phosphate was adminis- 
tered to each experimental animal and to its normal control. After 
an interval of 18 hours, the animals were killed. The serum calcium and 
serum inorganic phosphorus values and the activity measurements of the 
tissues and excreta are shown in Table II. 

Series [1] —The animals of Group 1 (Table IIL) were allowed the stock 
diet ad libitum up to and including the experimental period. The animals 
of Group 2 were restricted to 10 gm. of the stock diet, daily, for the 3 
days just preceding the experimental period, and during the experimental 
period they had access to water only. Approximately 24 hours after 
thyroparathyroidectomy, each experimental animal of Groups 1 and 2 
was injected with 10 units of parathyroid extract. 1 hour later a tracer 
dose of phosphate was administered to each experimental animal and to 
its thyroparathyroidectomized control. After an interval of 18 hours, 
the animals were sacrificed. The serum calcium and serum inorganic 
phosphorus values and the activity measurements of the femurs and the 
urine are shown in Table III. 

Series IV—The animals used in these experiments were permitted 
10 gm. of the stock diet, daily, for the 3 days just preceding the experi- 
ment in which they were used. During the experimental period they had 
access to water only. 2 or 3 hours after thyroparathyroidectomy, the 
experimental animals were injected with 2.5 or 5 units of parathyroid 
extract. 20 minutes after the injection of the parathyroid extract, a tracer 
dose of phosphate was administered to each experimental animal and to 
its respective thyroparathyroidectomized control. At the end of the 
various experimental periods (Table IV) the rats were decapitated while 
being held over the metabolism cage. The urine retained in the bladder 
after death was added to that recovered by washing the cage and the 
urine-feces separator. 

Eighteen normal rats were subjected to the same dietary restriction 
as that imposed upon the animals operated on. Nine of these animals were 
each injected with 5 units of parathyroid extract. 20 minutes later each 
experimental animal and its control received an injection of labeled phos- 
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phate. 18 hours later these animals were decapitated. The activity values 
of their urine only are shown in Table IV. 

Series V—The animals used in these experiments received the stock 
diet ad libitum before the experiment, but during the experimental period 
they had access to water only. Rat A-1 (Table V) was injected with 259 
units of parathyroid extract 2 hours after bilateral nephrectomy. 29 
minutes after the injection of parathyroid extract, Rat A-1 and its ne- 
phrectomized and normal controls (Rats B-1 and C-1) were each injected 


TABLE II] 

Effect of Parathyroid Extract upon Serum Calcium, Serum [Inorganic Phosphorus, 
and upon Retention and Excretion of Radiophospho us in Fed and Fasted 
Thyroparathyroidectomized Rats 

The experimental and the control animals are designated by the letters E. and 
Tpe., respectively. 10 U.S. P. units were administered in each case. 


Pe r cent® of radi phe sphorus 


Weight of , Serum inorganic recovered 
serum caicium 


Group | No. of inimal phosphorus 
No pairs Femurs, per gm Urine 
I Ix i Ip E Tpe E. pe. I Tp 
- ms. per me. per meg. per | mg. per 

ms .™ ent en cent ent 
lt 5 170 169 S_6 S.6 12.7 12.7 3.05) 3.59) 14.5 S.3 
+20 | +22 +0.6 | 41.0 | 43.7 | +2.8 +0.35)40.38'44.9 |43.4 
23 i 182 178 7.0 6.1 13.4 14.6 3.28) 3.43) 14.9) 5.1 
+56 | +52 +0.3 +0.5 > +0.8 | +1.7 +0.83+0.76 +5.5 '41.3 


* Mean per cent. The measure of variability is indicated by the standard devi 
ation from the mean 

+ Food intake unrestricted before and during experimental period. 

t Food intake restricted to 10 gm daily for the 3 days just before the experiment, 


and during the period fasted 


with a tracer dose of phosphate. 18 hours later Rat A-1 received a second 
injection of 250 units of parathyroid extract. Rats A-2 and A-3 (Table V) 
received four injections of parathyroid extract. The first dose of 20 
units was administered 2 hours after they were subjected to bilateral 
nephrectomy. 20 minutes after the injection of the parathyroid extract 
these animals and their respective controls were each injected with labeled 
phosphate. The other three doses of parathyroid extract were adminis- 
tered to Rats A-2 and A-3 at 2, 4, and 12 hours after the injection of the 
tracer dose of phosphate. 24 hours after the administration of the labeled 
phosphate all of the animals were sacrificed. The activity values of the 
tissues and the two normal urines are shown in Table V. 
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TaBLe IV 
Effect of Parathyroid Extract* upon Distribution, Retention, and Excretion of 
Radiophosphorus after Thyroparathyroidectomy 
All values are expressed as per cent of the administered radiophosphorus re- 
covered (for blood, liver, muscle, femurs, per gm.). E. represents the experimental 






































animal, Tpe. the thyroparathyroidectomized control. 
rap bap dey -- Blood | Liver | Muscle | Femurs Urine 
pairs |. es _} injection a — 
ce. | Tx. | *™ | | Tre. | E. | Tpe.| E. |Tpe.| E. |Tpe.|  E. Tpe. 
em. gm. hrs. | 
1 | 158} 158! 1 3 35] 0.38 . 95| 1.59)0. 160.13 3.2013.59 4.64] 0.96 
1 157 | 153 | I 1.84] 1.86]0. 17/0. 16|3.09/3.84] 2.20 | 1.32 
1 167 | 165 l | 1.87] 1.61/0.22/0. 18/3.82|3.86] 2.27] 2.90 
1 166 | 169 1 (0.38) 0.41]1.74] 1.55]0.14)0. 14]3.23)3.76| 15.17 | 3.08 
a) | 158} 162); 1 (0. 31) 0. 43|2.01] 1.90/0. 16/0. 20|2.61|2.57| 12.76 | 0.60 
1 162 | 169 3 0.29) 0.31) 11.43] 1.71/0.12)0.13/3.70/4.42| 12.53 | 2.02 
1 | 180 | iIs9 | 3 '1.67| 1.93)0.1910.14)2.58]2.93| 3.92| 0.48 
1 iso! 202! 5 | 0.73] 1.39]0. 13/0. 14/2.94]3.39| 15.15 | 5.05 
(1) | 174t | 5 | 1.57) 0.12} |3.48 17.05 
1 | 192 | 189 | 5 (0.20) 0.29]1.18) 1.35]0.11)0.14/3.16)3.76) 10.62 | 2.65 
1 | 154] 154] 18 | | 0.60) 0.71)/0.09/0.09)2.28)/2.13} 12.45 | 3.90 
1 | 173] 182!| 18 | (0.86| 0.91|0.13(0.16!2.86)3.93| 15.50 | 2.89 
of | 1778 1738 18 | | | a 9.12§| 7.90§ 
| +15 | +14 +2.70 |\+1.50 














* The experime ese animal of each pair of rats, except those of the two in paren- 
theses, received 5 U.S. P. XII units of parathyroid extract. Each of the experi- 
mental animals of Ae se two pairs received 2.5 units. 

+ Control found dead in cage. 

t The nine pairs of normal animals received the same dietary treatment as the 
other animals shown in this table. 

§ Mean values and standard deviation from the mean. 


TaBLE V 
Distribution, Retention, and Excretion of Radiophosphorus after Bilateral 
Nephrectomy and Administration of Parathyroid Extract 
All values are expressed as per cent of administered radiophosphorus recovered 
(blood, liver, muscle, femurs, per gm.). A represents the experimental animal, 
B the nephrectomized control, and C the normal control. 
































ae | Feces and 
Rat No.| Weight| extract | Blood | Liver | Muscle remur| S1gmach | Lace | contents | Urine 
injected a | intestines 
| em [0.8 Pwmis| || 
A-l | 95 | 2x 250 | 0.25 | 1.80 | 0.30| 9.31} 3.31 | 0.51 | 1.09 
B-l | 97 0.20 | 1.96 | 0.26 | 9.00| 4.27 | 0.43 | 1.52 
ca | 100 | 0.17 | 1.29 | 0.32 | 6.65) 2.26 | 0.35 | 3.09 | 25.3 
A2 | 86 | 4X 20 | 0.25 | 1.34 | 0.43 | 7.00) 4.95 | 0.75 | 3.43 
B-2 | 90 | 0.24 | 1.45 | 0.38 | 7.97| 4.57 | 0.56 | 2.07 
C-2 | 93 | 0.22 | 1.29 | 0.25 | 5.29} 2.43 | 0.35 | 3.91 | 19.8 
A3 | 74 | 4x20 | 0.27| 2.51 | 0.49 | 8.03] 4.03 | 0.80 | 2.03 
B3 | 74 | | 0.26 | 2.46 | 0.51 | 9.48 | 5.70 | 0.69 | 2.53 








5 








EXCRETION OF RADIOPHOSPHORUS 


Results 





The results of the first experiments (Table I) show that durirg the 24 
hours immediately following thyroparathyroidectomy the serum calcium 
of the rats dropped below 8 mg. per cent, thus indicating parathyroid 
insufficiency. On the other hand, the related, or simultaneous, change 
in the urinary excretion of phosphorus was equally pronounced. During 
the 18 hour experimental period of the Ist day following the operation, 
the experimental animals excreted only about 4.9 per cent of the adminis- 
tered radiophosphorus in the urine and 2.6 per cent in the feces, while 
their controls excreted by these routes 17.9 and 3.6 per cent, respectively. 
The excess radiophosphorus retained by the experimental animals did 
not accumulate in any one site, since the activity measurements show 
that the average specific content of P® in the femurs, liver, muscle, and 
kidneys of the experimental animals was in each instance about 30 per 
cent higher than the average specific content of P® in the corresponding 
tissues of the controls. Furthermore, calculations based on the data in 
Table I, and Donaldson’s (10) data on the weights of the parts and organs 
of the rat, indicate that the amounts of the radiophosphorus taken up by 
the various tissues of the animals operated on depended only on their 
relative mass and phosphorus content. 

Under the conditions of these experiments, a readjustment of the several 
intrinsic and extrinsic factors affecting phosphorus excretion appears 
to have occurred without the supervention of manifest tetany. Rats 
which were injected with a tracer dose of phosphate 1 to 25 days after 
thyroparathyroidectomy were able to excrete much larger amounts of 
radiophosphorus by both the urinary and the fecal route than animals 
similarly tested during the first 24 hour postoperative period. 7 to 26 
days after thyroparathyroidectomy, the kidneys, the femurs, and particu- 
larly the muscle showed a decreasing specific content of P*. During this 
period the specific content of P* in the muscle dropped about 30 per cent 
below the control values. In the femurs and kidneys, however, although 
the specific content of P* dropped sharply, it did not drop below the control 
values. On the other hand, the retention of radiophosphorus in the liver 
decreased very slowly. Our data reveal that 15 to 26 days after thyro- 
parathyroidectomy the specific content of P® in the livers of the experi- 
mental animals was still about 20 per cent higher than that of the controls. 
From these observations it appears that a slower uptake, or a lower reten- 
tion, of the administered radiophosphorus in the muscle of the experi- 
mental animals, than that in their controls, must have accounted for the 
greater urinary and fecal excretion of radiophosphorus shown by the former 
15 to 26 days after the operation. 
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During the second 24 hours after thyroparathyroidectomy, when the 
kidneys still showed a decreased ability to excrete radiophosphorus, the 
urinary excretion of radiophosphorus was greatly increased by the injection 
of parathyroid extract. Thyroparathyroidectomized rats (Table II), 
which received from 20 to 500 units of parathyroid extract 1 hour before 
the injection of labeled phosphate, excreted by the urinary route amounts 
of the radiophosphorus which were approximately 44 to 113 per cent larger 
than the amounts excreted by their normal controls. In the animals in 
which 125 to 500 units of parathyroid extract gave rise to hypercalcemia, 
there was usually a lower specific content of P® in the various tissues than 
occurred in the corresponding tissues of the controls. Single doses of 
20 or 50 units of parathyroid extract were less decisive in their effect on 
the specific content of P® in the tissues, but the larger dose appears to have 
caused a lower initial uptake of radiophosphorus by the femurs, or to have 
increased the movement of radiophosphorus therefrom. Of the various 
observed effects of parathyroid extract upon the calcium and phosphorus 
metabolism of these animals, the elevation in the serum calcium, the re- 
duced specific content of P® in the femurs, and the accelerated urinary 
excretion of radiophosphorus were usually the most prominent. 

A comparison of the effects of the action of 10 units of parathyroid 
extract on fed and fasted thyroparathyroidectomized rats (Groups 1 and 
2, Table III) is of particular interest. In Group 1, the serum calcium level 
of both the experimental animals and their controls was 8.6 mg. per cent 
at the end of the 18 hour experimental period, whereas in Group 2 the aver- 
age serum calcium of the experimental animals was 7.0 mg. per cent and 
that of their controls 6.1 mg. per cent. The animals of Group 1 showed 
no obvious tetany at the end of the experimental period, but all of the ani- 
mals of Group 2 exhibited slight, moderate, or severe tetany. The serum 
inorganic phosphorus of the experimental animals of neither Group 1 
or 2 was appreciably different from that of their respective controls. 
On the other hand, the effect of parathyroid extract on the urinary excre- 
tion of radiophosphorus was quite definite. The experimental animals 
of Group 1 excreted approximately 14.5 per cent of the administered 
radiophosphorus and their controls excreted about 8.3 per cent. In the 
case of the animals of Group 2, the experimental animals excreted 14.9 
per cent of the administered radiophosphorus, while their controls excreted 
only 5.1 per cent. 

The easily demonstrable increase in the urinary excretion of radiophos- 
phorus following the injection of 10 units of parathyroid extract indicated 
the feasibility of testing the action of smaller doses. Also, the foregoing 
experimental results indicated the desirability of establishing as closely 
as possible the interval of time during which a relatively small amount 
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of parathyroid extract influences the urinary excretion of injected radio- 
phosphorus. Accordingly, the following experiments were carried out 
with these considerations in mind. 

It will be observed that in the case of the thyroparathyroidectomized 
rats (Table [V) which received 5 units of parathyroid extract the urinary 
excretion of radiophosphorus after | hour was in one instance approximately 
as high as that observed after 18 hours. Four experimental animals, 
that were sacrificed after 1 hour, had excreted amounts of the radiophos- 
phorus representing 2.27 to 15.20 per cent of the tracer dose. In the same 
period their controls excreted 0.96 to 3.08 per cent of the tracer dose. 
After 18 hours, two experimental animals had excreted 12.45, and 15.50 
per cent, respectively, of the administered radiophosphorus as compared 
with excretion values of 3.90 and 2.89 per cent by their respective controls. 
3 to 5 hours after the injection of the labeled phosphate, three of the four 
experimental animals had excreted amounts of the injected radiophos- 
phorus comparable to the amounts excreted by the experimental animals 
that were sacrificed after 18 hours. The extraordinary sensitivity of these 
thyroparathyroidectomized rats to parathyroid extract is clearly evident 
when their excretion values of radiophosphorus are compared with those 
of normal animals which received 5 units of parathyroid extract. The 
average amount of the administered radiophosphorus excreted in the urine 
of nine normal rats (Table IV) during the 18 hour experimental period 
was 9.12 per cent as compared with 7.90 per cent for the controls. 

Indicative of the small amount of parathyroid extract actually required 
to accelerate the urinary excretion of administered radiophosphorus by 
the thyroparathyroidectomized rats were the results obtained after the 
injection of 2.5 units of parathyroid extract. It will be observed (Table LV) 
that one of the two experimental animals had excreted 12.76 per cent of 
the tracer dose of phosphate within 1 hour, and that the other excreted 
17.05 per cent of the tracer dose within 5 hours. 

The increased urinary excretion of radiophosphorus by the thyro- 
parathyroidectomized animals, following the injection of 2.5 or 5 units 
of parathyroid extract, does not appear to have affected the uptake or the 
retention of radiophosphorus in the muscle (Table IV). On the other 
hand, the slightly lower specific content of P® in most of the blood and 
bone samples of the experimental animals than that seen in their controls 
may be attributed to the increased urinary excretion of radiophosphorus, 
which appears to have proceeded simultaneously with the absorption and 
distribution of the radiophosphorus. It seems apparent that parathyroid 
extract retarded the accumulation of the administered radiophosphorus 
in the femurs to a large extent, if not entirely, by a direct action on the 
kidnevs, whereby the urinary excretion of radiophosphorus was accelerated. 
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This opinion is strengthened by some observations that were made on 
nephrectomized animals (Table V) that received injections of parathyroid 
extract and a tracer dose of phosphorus. The results of these experiments 
show that in the absence of the kidneys large doses of parathyroid extract 
had no effect upon the uptake, retention, or fecal excretion of radiophos- 
phorus. 

DISCUSSION 

It is generally accepted that the fall in serum calcium, theimmediate 
decrease in the urinary excretion of phosphate, and the retention of phos- 
phate in the blood following thyroparathyroidectomy are due to the loss 
of parathyroid function, and not to the removal of the thyroid. Conse- 
quently, in the interpretation of our data we have considered these acute 
effects of thyroparathyroidectomy as indicative of parathyroid insufficiency 
alone. 

Heretofore, there has been a paucity of information concerning the sites 
of phosphate retention in the body of the parathyroidectomized animal, 
as well as some question whether the increased retention of phosphate, 
frequently manifested by a high serum inorganic phosphorus level, is 
the cause or the effect of the decreased excretion of phosphate. It has 
been shown in our experiments that immediately following the loss of 
parathyroid function in fed rats (Table I) the urinary excretion of adminis- 
tered radiophosphorus was sharply decreased, and that the amount of 
the radiophosphorus retained in the various tissues apparently depended 
upon their relative mass and phosphorus content. Also, it was observed 
in the rat in the absence of the kidneys (Table V), but with the parathyroids 
presumably unimpaired, that the amounts of radiophosphorus found in 
the various tissues after the injection of a tracer dose of phosphate presented 
a similar pattern to that observed in rats with intact kidneys, but with 
no parathyroids. From these observations, it appears that the increased 
retention of radiophosphorus in the various tissues of the thyropara- 
thyroidectomized rats was caused by an increased uptake of the radio- 
phosphorus, due to a decreased ability of the kidney to excrete the labeled 
phosphate at the time it was being absorbed and taken up by the tissues. 
That the failure of parathyroid function, so far as phosphorus metabolism 
is concerned, first occurs in the kidneys is further indicated by the increase 
in the urinary excretion of radiophosphorus and the normal retention pat- 
tern of the unexcreted portion in the tissues when sufficient amounts of 
parathyroid extract were administered to thyroparathyroidectomized rats 
(Table IT). 

The remarkable effectiveness of small doses of parathyroid extract in 
accelerating the urinary excretion of radiophosphorus in the fed or the 
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; 


fasting thyroparathyroidectomized rat indicates an increased sensitivity | 


of the kidney to parathyroid hormone. In the experiments in which 5 
units, or less, of parathyroid extract were used, the injections of the ey. 
tract and the tracer dose of phosphate were so spaced as to assure the 
probable appearance of a small amount of parathyroid hormone in the 
blood at the time the absorption of the labeled phosphate began. From 
the results of these experiments (Table IV), it appears likely that the larger 
part of the radiophosphorus found in the urine was excreted during the 
short interval in which the labeled phosphate was being absorbed. The 
lower specific content of P*® in most of the livers and femurs of the hormone. 
treated rats than that seen in their controls strongly suggests that the 
uptake of radiophosphorus was reduced by the concurrent increase in the 
urinary excretion of radiophosphorus. That parathyroid extract increases 
the urinary excretion of phosphate by causing a diminished reabsorption 
of phosphate by the renal tubules has been affirmed by Harrison and 
Harrison (11), and denied by Fay, Behrmann, and Buck (12). 

The reason for the marked sensitivity of the kidney of the thyropara- 
thyroidectomized rat to parathyroid extract is not entirely clear. Con- 
ceivably, a slower turnover of phosphorus in the tissues, caused by the 
ether anesthesia, may have facilitated the action of parathyroid extract in 
promoting the urinary excretion of the injected radiophosphorus. In any 
case, the practical significance of an increased sensitivity of the kidney to 
parathyroid extract is obvious. It is believed that the data presented in 
this connection provide the basis for the development of a method of detect- 
ing extremely small amounts of parathyroid hormone. 

Shelling and Asher (13) have presented evidence that the loss of the 





regulatory action of parathyroid hormone on the urinary excretion of | 


phosphorus may be partly offset by a diet containing about 0.5 gm. per cent 
of phosphorus and a larger amount of calcium, whereby the excretion of 
phosphorus is shifted from the urine to the feces. Their best results were 
obtained with a diet low in phosphorus and relatively high in calcium, in 
a ratio of about 0.25:1. The diet used in our experiments contained about 
1.54 gm. per cent of calcium and 0.98 gm. per cent of phosphorus. Even 
with this high phosphorus diet, we observed in rats (Table I), 2 to 5 days 
after thyroparathyroidectomy, a marked tendency of injected radiophos- 
phorus to shift from the urinary to the fecal route of excretion. Further 
indication that the excess calcium of the ingested diet was a factor in pro- 
moting the excretion of phosphorus by way of the feces is seen again in 
the excretion values of radiophosphorus shown by rats (Table I) 15 to 26 
days after thyroparathyroidectomy. It will be observed that the amount 
of radiophosphorus found in the feces of these animals was about 35 per 
cent larger than the amount found in the feces of their normal controls. 
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Although the excess calcium of the ingested diet appears to have facilitated 
the fecal excretion of radiophosphorus by the thyroparathyroidectomized 
animals, this alone does not account for the increased excretion of radio- 
phosphorus. 

A compensatory change in the kidney and a slower turnover of phos- 
phorus in the tissues, arising from the absence of the thyroid or the para- 
thvroids, may also have favored the excretion of injected radiophosphorus. 
The increased facility with which injected radiophosphorus was excreted 
by rats 2 to 5 days after thyroparathyroidectomy would appear to be due 
to a compensatory change in the kidney, and not to a slower turnover of 
phosphorus in the tissues. However, the data suggest that within a few 
days after thyroparathyroidectomy a slower turnover of phosphorus in 
the muscle may have caused a decreased uptake of the injected radiophos- 
phorus, and hence favored a greater excretion of radiophosphorus. It will 
be observed that 7 to 12 days after thyroparathyroidectomy the muscle 
tissue of the rats showed a lower specific content of P® than that of the 
controls. Furthermore, a decreased retention of radiophosphorus in the 
muscle tissue is also seen in the animals which were tested 15 to 26 days 
after the operation. At that time these animals also showed a higher 
urinary and fecal excretion of radiophosphorus than their controls, despite 
the fact that their tissues, with the exception of muscle, showed about the 
same, or a higher, specific content of P® than the corresponding tissues of 
the controls. These observations suggest that the lower retention of radio- 
phosphorus in the muscle tissue was due to a decreased uptake of radio- 
phosphorus, which may have occurred as the result of the failure of 
parathyroid function in the muscle. This opinion is strengthened by the 
evidence presented by Brown and Imrie (14) and Imrie and Jenkinson (15) 
that the parathyroid glands are concerned with the metabolism of creatine 
phosphate. These authors observed that the creatine phosphate in the 
muscle of thyroparathyroidectomized cats, in which the symptoms of 
tetany were well marked, tends to be lower than in normal cats, and that 
following stimulation of the muscle the rate of resynthesis of creatine phos- 
phate was very much slower than that observed in normal cats. Further- 
more, they observed that the creatine phosphate and the orthophosphates 
in the muscle of thyroparathyroidectomized cats treated with parathyroid 
extract resemble the normal. 


SUMMARY 


The distribution, retention, and excretion of administered radiophos- 
phorus (P**) has been determined both in untreated thyroparathyroidec- 
tomized rats and untreated bilaterally nephrectomized rats, and in rats 
similarly operated on after the injection of parathyroid extract. 
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1. During the first 24 hours following thyroparathyroidectomy, the 
urinary and fecal excretion of injected radiophosphorus decreased sharply, 
The amounts of the administered radiophosphorus retained in the various 
tissues appeared to depend only upon their relative mass and phosphorus 
content. 

2. Within 48 hours after thyroparathyroidectomy, the urinary and fecal 
excretion of administered radiophosphorus increased markedly, and 15 to 
26 days after the operation exceeded the control value. As the excretion 
of radiophosphorus increased, its retention in the tissues decreased, but 
only in the case of muscle did the retention value of radiophosphorus drop 
below the control value. 

3. A reversal of the marked retention of injected radiophosphorus in the 
tissues during the first 24 hours after thyroparathyroidectomy and an 
increased urinary excretion of the administered radiophosphorus occurred 
when doses of 20 to 500 units of parathyroid extract were injected. 

!. The prompt action of 5 units of parathyroid extract in promoting the 
urinary excretion of administered radiophosphorus in the thyroparathyroid- 
ectomized rat is interpreted as evidence of a direct action of parathyroid 
hormone upon the kidney. 

5. After bilateral nephrectomy, the administration of parathyroid extract 
had no effect upon the distribution, retention, or excretion of radiophos- 
phorus. 


The authors are greatly indebted to Professor E. O. Lawrence, director, 
and to Dr. Joseph G. Hamilton, and the rest of the staff of the Radiation 
Laboratory of the University of California for supplying the radiophos- 
phorus used in these experiments. 
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During the course of 24 hours the normal individual excretes the equiva- 
lent of 300 to 500 ml. of 0.1 N acid in combination with ammonia. This 
quantity, however, represents only a fraction of the renal capacity to ex- 
erete ammonia, for the diabetic in severe acidosis may excrete more than 10 
times this amount. The origin and mode of excretion of urinary ammonia 
have been disputed for a number of years. In 1921 Nash and Benedict (1) 
first showed conclusively that it is formed in the kidney from some precur- 
sor in the blood. In 1940 Walker (2) demonstrated directly that the cells 
of the lower two-thirds of the distal convoluted tubules of the amphibian 
kidney synthesize and actively secrete ammonia into the tubular urine. 
It is probable that the distal segments of the mammalian tubule function in 
a similar manner. Most investigators have considered urea to be the 
plasma precursor of urinary ammonia (3, 4); others have implicated amino 
acids (5) or the amide nitrogen of plasma proteins (6). In general these 
views have been based more on speculation than on conclusive evidence. 
Recently, however, Van Slyke and his associates (7), studying the renal 
extraction ratios of the several nitrogenous constituents of the plasma, have 
clearly demonstrated that in the acidotic dog some 60 per cent of urinary 
ammonia is derived from the amide nitrogen of plasma glutamine, and the 
remaining 40 per cent from plasma amino nitrogen. Urea does not con- 
tribute to urinary ammonia (8,9). The synthesis of ammonia by the cells 
of the renal tubules from both glutamine and amino acid signifies that these 
precursors must undergo deamidation and deamination within those cells. 
A glutaminase, present in kidney tissue (10), catalyzes the degradation of 
glutamine to glutamic acid and ammonia. At least three amino acid oxi- 
dases, likewise present in kidney tissue, catalyze the deaminaticn of certain 
amino acids to their corresponding keto acids and ammonia. These are 
glycine oxidase (11), d-amino acid oxidase (12), and /-amino acid oxidase 
(12, 13). Presumably one concern of these enzymes in the living animal is 
the synthesis and secretion of ammonia by the kidney. This presumption 
would be considerably strengthened if it were demonstrated that the excre- 

* This study was aided by grants from the John and Mary R. Markle Foundation 


and the United States Public Health Service. 
611 




















612 AMINO ACIDS AND AMMONIA SECRETION 


tion of ammonia by the intact animal presented with an excess of glutamine 
or amino acid could be correlated with the activity in vitro of these enzymes 
on their various substrates. And indeed Van Slyke and his associates haye 
demonstrated that the intravenous administration of glutamine to the 
acidotic dog markedly enhances the rate of ammonia excretion (7). Bliss 
has observed, in the case of amino acids, that the administration of alanine 
and leucine produce a similar effect (14). Glutamine, leucine, and alanine 
vield ammonia when exposed in vitro to renal glutaminase and amino acid 
oxidases respectively. In the present study a representative number of 
amino acids were administered to the acidotic dog by intravenous infusion, 
The rate of ammonia excretion was measured at a series of comparable 
plasma concentrations of amino acid. It was found that the capacity of 
these amino acids to alter ammonia excretion in vivo is well correlated with 
their susceptibility to oxidative deamination in vitro in the presence of renal 
deaminative enzyme systems. The evidence upon which this statement is 
based is presented below. 
EXPERIMENTAL 
Experiments have been performed on two female mongrel dogs, trained 
to lie quietly while loosely restrained on a comfortable animal table. Urine 
collections were made with an indwelling catheter. The collection periods 
were 10 minutes long, and when the urine flow was less than 10 ml. per 
minute the bladder was washed with distilled water and the washings added 
to the original urine. Analyses were performed on arterial plasma, a blood 
sample being drawn from the femoral artery at the mid-point of each col- 
lection period. A portion of blood was stored on ice in a 2 ml. Van Slyke 
stop-cock pipette for subsequent pH measurement; a second portion was 
centrifuged in a completely filled and tightly stoppered ampul for the deter- 
mination of plasma carbon dioxide; and a third portion was centrifuged, 
without special precautions, for other analytical procedures described below. 
Constant plasma levels of creatinine and increasing plasma levels of amino 
nitrogen were obtained by infusions administered intravenously ata rate of 
10 ml. per minute. During each experiment plasma amino nitrogen was 
increased stepwise from normal levels of 3.4 to 4.5 mg. per cent to levels 
of 20 to 25 mg. per cent by infusions of increasing amino acid con- 
centration.! Each infusion was allowed to run for 20 minutes before the 
experimental periods were begun to allow the plasma concentration of amino 
acid to attain approximate equilibrium. During the 2 days prior to each 
experiment 500 to 600 ml. of 3 per cent ammonium chloride were given by 
stomach tube to produce acidosis. 1 hour before the start of each experi- 
! Plasma amino nitrogen levels much above 25 mg. per cent tend to cause vomiting 


and depression of renal function, as evidenced in a decreased glomerular filtration 
rate and renal blood flow. 
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ment, water was given by stomach tube in amounts of 50 ml. per kilo of 
body weight to insure adequate hydration. 
Chemical Methods 

Amino nitrogen determinations were made on picric acid filtrates of 
plasma and urine after removal of urea with urease by the ninhydrin gaso- 
metric method of Van Slyke, Dillon, MacFadyen, and Hamilton (15), as 
modified by Hamilton (16). Creatinine was determined on iron filtrates 
of plasma (17) and diluted urines by the method of Folin and Wu (18). 
All colorimetric analyses were made with an Evelyn photoelectric colori- 
meter. The carbon dioxide content of plasma was determined manometric- 
ally by the method of Van Slyke and Neill (19), and the pH of whole blood 
was measured with a condenser type of glass electrode without exposure to 
air. The latter measurements were made at room temperature and cor- 
rected to 37° ((20) p. 166). Ammonia in urine was determined by aeration 
into boric acid and titration with 0.01 N H.SO,. Urinary titratable acid 
was measured by titrating urine samples electrometrically to the observed 
pH of the blood, with the glass electrode as the measuring instrument. 


Determination of Renal Function 

The creatinine clearance was used as a measure of the rate of filtration of 
plasma through the glomeruli. Since it seemed desirable to determine com- 
pletely the reabsorptive capacity of the kidney tubules for the various amino 
acids as well as the ability of these same amino acids to effect ammonia 
elimination, the quantity of amino nitrogen filtered, excreted, and reab- 
sorbed was measured during each experiment. The quantity of amino 
nitrogen filtered through the glomeruli was calculated as the product of the 
glomerular filtration rate in ml. per minute and the plasma amino nitrogen 
concentration in mg.per ml. The quantity of amino nitrogen excreted was 
calculated as the product of urine flow in ml. per minute and the urine 
amino nitrogen concentration in mg. per ml. The difference between the 
quantity filtered and that excreted is the quantity reabsorbed by the 
tubules. 

The choice of amino acids used in this study was determined by avail- 
ability, solubility, and lack of toxicity. It would have been preferable to 
use only the natural isomers, but resolved forms of all amino acids were not 
available in the quantities required by the experiments. 


Results 


Each of the following amino acids? was studied in duplicate experiments 
performed on the same two dogs: (1) monoaminomonocarborylic acids, 


? We are indebted to Dr. D. F. Robertson of the Medical Department of Merck 
and Company, Inc., for the generous supply of individual amino acids, and to Dr. 
Melville Sahyun of Frederick Stearns and Company for the casein hydrolysate. 
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glycine, dl-alanine, 1(—)-leucine; (2) diaminomonocarbozylic acids, I(+). 
arginine hydrochloride and /(+ )-lysine hydrochloride ; (3) monoaminodicar. 
boxylic acids, (+ )-glutamic acid and dl-aspartie acid; (4) a hydrolysate of 


TABLE | 


Effect of Amino Acid Administration on Renal Tubular Functions of Ammonia 
Secretion and Amino Nitrogen Reabsorption 





Arterial plasma Glomer Urine Ba nad Amino nitrogen 
Tot: ular 

oo filtra + “a 
. Amino | Creat tion Ammo- | *!*8t| Filter Ex- Reab- 
pH  BHCOs N at rate Flow pH able or 
inine nia acta ed creted | sorbed 

Experiment |. Dog 11, dl-alanine 
wise mM per mg. per | meg. per ml. per| ml. per m.eq m.eq. mg. per mg. per | me. per 
; cent cent min. min er min. per min.) min. min. min. 

l p p 
105-115,7.31) 13.6 | 4.24 | 31.3 | 538.6 | 6.6 5.18 0.073 0.059) 2.27 | 0.06 | 2.21 
115-125 $.22 | 29.6 | 56.2 | 5.7 |4.94| 0.076) 0.072) 2.37 | 0.05 | 2.32 


140-150 7.31 13.7. 8.16 | 30.0 | 62.9 5.6 5.13 0.137) 0.070, 5.14 1.09 | 4.05 
150-160 8.50 | 27.5 | 68.4 5.7 |5.10) 0.141) 0.071) 5.82 | 1.35 | 4.47 
175-185 13.5 27.6 | 73.7 6.5 5.18) 0.165) 0.071) 9.95 | 3.46 | 5.49 
185-195 14.9 28.3 | 72.7 6.9 |5.27) 0.170) 0.071/10.8 1.18 6.66 
210-220 7.31 14.7 |19.9 28.1 | 77.4 8.2 5.48 0.179) 0.066.15.4 7.03 | 8.37 
220-230 20.0 28.3 82.1 9.2 5.51) 0.182) 0.069:16.4 8.00 | 8.42 
Experiment 2. Dog 11, /(+-)-glutamie acid 
165-175 7.30 12.4 | 4.62 | 29.4 | 62.1 7.0 4.78) 0.081! 0.080! 2.87 | 0.08 | 2.79 
175-185 4.57 | 29.4 | 61.2 6.9 4.76 0.086 0.088 2.80 | 0.07 | 2.73 
200-210'7 .30 12.1 | 6.77 | 28.3 | 59.0 6.9 4.84 0.088 0.098 4.00 | 0.80 | 3.20 
210-220 7.63 | 28.3 | 66.1 5.3 4.88) 0.088 0.096 5.04 | 1.21 | 3.8 
235-245 11.8 27.4 | 68.6 6.0 5.14 0.085 0.088 8.10 | 3.61 | 4.49 
245-255 13.2 27.8 | 72.5 7.0 5.22) 0.089, 0.089, 9.57 | 5.01 | 4.56 
275-285|7.27| 13.4 (19.7 28.3 67.6 7.9 5.36 0.079 0.092 13.3 8.53 | 4.78 
285-295 20.6 28.4 | 66.2 7.6 5.37 0.075 0.092 13.6 9.23 | 4.40 


casein with added tryptophane. The data obtained in two representative 
experiments on Dog 11 are presented in Table I. In Experiment 1, follow- 
ing two initial control periods, d/-alanine was administered at such a rate as 
to increase the plasma amino nitrogen concentration from its control value 
of 4.2 to 20.0 mg. per cent. The degree of acidosis in this animal was 
moderately severe, as is indicated by plasma pH values of 7.31 and bicar- 
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honate contents of 13 to 15 mM per liter. As a consequence of this acidosis 
the urine was highly acid and ammonia was excreted in the control periods 
at the elevated rate of 0.073 to 0.076 milliequivalent per minute. The ad- 
ministration of alanine caused an immediate and sharp rise in the rate of 
ammonia excretion. Doubling the plasma amino nitrogen concentration 
approximately doubled the rate of ammonia elimination. Further increase 
in plasma amino acid concentration, although increasing ammonia produc- 
tion, did so to a progressively diminishing degree. 

Experiment 2 was performed in a fashion identical with that of Experi- 
ment 1 with the exception that /(+)-glutamic acid was infused in place of 
dl-alanine. In order to avoid rapid changes in acid-base balance the glu- 
tamie acid in the infusions was half neutralized. It is apparent that the 
degree of acidosis, the control rates of ammonia excretion, control levels of 
plasma amino nitrogen, and the range of increase in plasma amino nitrogen 
concentration were nearly the same in the two experiments. Yet it is 
equally apparent that the kidney did not utilize /(+-)-glutamic acid for the 
purpose of increasing ammonia excretion. In fact the rate of ammonia ex- 
cretion remained constant, within the range of accuracy of the experimental 
procedures, throughout the experiment. The data of these two experi- 
ments assume added significance when viewed in the light of the observation 
of Blanchard et al. (13) that 1(+)-glutamic acid is not oxidatively dea- 
minized by /-amino acid oxidase, whereas dl-alanine is so affected by both d 
and / forms of that enzyme present in kidney tissue (12, 13). 

The data obtained in sixteen experiments similar to those presented in 
Table I are summarized in Figs. 1 to 6. In the upper portion of each figure 
the rate of excretion of ammonia over and above that of the two control 
periods is plotted against the plasma concentration of amino nitrogen. In 
the lower portion the rate of reabsorption of amino nitrogen over and above 
that of the two control periods is similarly plotted against the plasma con- 
centration of amino nitrogen. Thus, in each pair of graphs values for the 
control periods were arbitrarily set at zero. This appeared to be justifiable 
because of the close agreement between the control observations of the 
several experiments. 

* Preliminary experiments indicated that half neutralization of glutamic and 
aspartic acids produced minimal disturbances of the acid-base balance, i.e. neither 
expansion nor depletion of the alkali reserve, changes that would have seriously 
disturbed the experiments. 

‘The extent of the acidosis in the several experiments was relatively constant; 
the bicarbonate content of the plasma was maintained within a range of 11 to 14 
ma per liter. The control values for plasma amino nitrogen were similarly constant 
within limits of 3.5 and 4.6 mg. per cent. Amino acid excretion was negligible in 
control periods of all experiments, and the rate of ammonia excretion varied between 
0.060 and 0.090 milliequivalents per minute. 
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In Figs. 1 and 2 are grouped the data obtained in experiments in which 
moneaminomonocarboxylic acids were administered. Arbitrarily included 
in this group are the data obtained on administration of casein hydrolysate, 
It is evident from the upper graphs of Figs. 1 and 2 that glycine, dl-alanine, 
l(—)-leucine, and casein hydrclysate all significantly increase the rate of 
ammonia excretion in the acidotic dog, glycine and alanine being somewhat 
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PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 


Fic. 1. Monoaminomonocarboxylic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 11. 


more effective at all plasma concentrations. The most rapid increase in 
ammonia excretion is effected by moderate elevations in plasma concentra- 
tion, 7.e. to 8 or 10 mg. per cent of amino nitrogen. Further increases in 
the plasma concentration of glycine and alanine are accompanied by further 


increases in ammonia excretion, but the rate steadily declines and a plateau 
is reached at plasma concentrations of 20 to 25 mg. per cent. Leucine and 
casein hydrolysate tend to produce their maximum stimulating effects on 
ammonia excretion at somewhat lower plasma concentrations. Each of 
these amino acids is subject to oxidative deamination in vitro in the presence 
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Fig. 2. Monoaminomonocarboxylic acids. 
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PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 


. Diaminomonocarboxylie acids. 


Rate of tulular secretion of ammonia 


and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 


concentration. 


Dog 11. 


cf reral deamirases: glycine by glycine oxidase (11), 1(—)-leucine by l/- 
amino acid oxicase (13), and di-alanine and certain components cf casein 
hydrolysate by both d- and /-amino acid oxidase (12, 13). 
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In the upper graphs of Figs. 3 and 4 are grouped the data obtained jp 
experiments in which the diaminomonocarboxylic acids, /(+ )-arginine and 
(+ )-lysine, were infused. The change in ammonia excretion following the 
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Fic. 4. Diaminomonocarboxylie acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 6. 
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Fic. 5. Monoaminodicarboxylic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 11. 


administration of these amino acids is negligible. The small increment in 
ammonia excretion early in both of the arginine experiments is of doubtful 
significance. No change which was out of the range of experimental error 
of the procedure occurred in the lysine experiments. These results agree 
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well with the demonstration by Blanchard et al. (13) that the / forms of the 
dibasic amino acids do not undergo oxidative deamination under the in- 
fluence of l-amino acid oxidase. 

In the upper graphs of Figs. 5 and 6 are grouped the data obtained in ex- 
periments in which the moncaminodicarboxylie acids, 1(+-)-glutamic acid 
and dl-aspartic acid, were infused. No significant change occurred in am- 
monia excretion in either glutamic acid experiment. However, the changes 
in the aspartic acid experiments are significant and comparable in magni- 
tude to the increases effected with leucine and casein hydrolysate. /-Amino 
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PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 


Fic. 6. Monoaminodicarboxylic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 6. 


acid oxidase does not affect either the d or / forms of the dicarboxylic acids 
in vitro (13). This agrees with the fact that /(+-)-glutamic acid caused no 
increase in ammonia excretion. On the other hand d-amino acid oxidase 
does effect the oxidative deamination of d-aspartic acid in vitro (12); there- 
fore the increased rate of ammonia excretion in the aspartic acid ex- 
periments probably resulted from the oxidative deamination of the d com- 
ponent of the mixture by the d-amino acid oxidase of the kidney. If this is 
so, itis then evident that the correlation between the activity in vitro of the 
renal enzymes in deamination of amino acids and the stimulation in vivo of 
ammonia synthesis and secretion by those same amino acids is a perfect one 
for the limited series of amino acids studied. 
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DISCUSSION 


There is evident in the data presented above a correlation between the 
activity of the renal enzymes, glycine oxidase, d-amino acid oxidase, and |. 
amino acid oxidase, acting in vitro on their respective substrates and the 
capacity of these same substrates to enhance ammonia elimination in pigg 
in the acidotie dog. This observation supports the general thesis that 
amino acid oxidases in the kidney of the intact animal are concerned, among 
other things, with the synthesis and secretion of ammonia and hence play 4 
rdle in the renal regulation of acid-base balance. 

There has further appeared in these experiments some degree of correlg- 
tion between the capacity of the kidney to utilize an amino acid for the syn- 
thesis of urinary ammcnia and the capacity of the renal tubules to reabsorb 
that same amino acid.’ This correlation is evident on comparing Exper- 
ments | and 2of Table I. Thus at plasma concentrations of 20 mg. per 
cent some 8 mg. of amino nitrogen were reabsorbed per minute in the alanine 
experiment, in which the rate of ammonia elimination was more than 
doubled. On the other hand, only 4 mg. of amino nitrogen were 
reabsorbed per minute in the glutamic acid experiment, in which the rate of 
ammonia elimination remained nearly constant. This correlation is also 
apparent in the graphs of Figs. 1 to 6. Thus it is evident that glycine and 
alanine, which considerably augment ammonia elimination, are reabsorbed 
by the renal tubules to a relatively greater degree. Leucine, somewhat less 
active in stimulating ammonia secretion, is reabsorbed to a lesser degree. 
Lysine, arginine, and glutamic acid do not increase ammonia production and 
are poorly reabsorbed by the renal tubules. Two obvious exceptions are 
evident. Casein hydrolysate, which is reabsorbed to an extent comparable 
with glycine and alanine, is less effective than either in augmenting 
ammonia secretion; dl-aspartic acid, although poorly reabsorbed, approxi- 
mately doubles the rate of ammonia elimination. The reasons for these 

exceptions are not immediately obvious. However, the basis for the cor- 
relation, in so far as one exists, might be found in one of two possible expla- 
nations. First, different physical properties of the various amino acids 
may determine the different rates of penetration of those acids into the cells 
of the renal tubules, both from the tubular urine and the peritubular blood. 
On the other hand, some common chain of intracellular reactions might 
participate in both the processes of tubular reabsorption of amino acid nitro- 
gen and tubular synthesis of ammonia. Since the evidence has implicated 


‘ This correlation by no means implies that the amino acid which is reabsorbed 
is that which is deaminized to form urinary ammonia. The quantity of amino nitro- 
gen reabsorbed always greatly exceeds that which is deaminized in ammonia sy2- 
thesis. 
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renal amino acid oxidases in the tubular synthesis and secretion of ammonia, 
it is tempting to assume that these same enzymes are likewise involved in 
the tubular reabsorption of amino acid nitrogen. It has been shown that 
amino acids undergo chemical reactions of a first order type during their 
tubular reabsorption (21). The exact nature of these reactions is obscure. 
However, it would appear logical to assume that amino acid oxidases are 
involved. This assumption is consistent with the fact that deamination is 
a necessary preliminary to most reactions in which amino acids are involved 
(22, 8, 23). 

In vitro, the rate of deamination of amino acids by a limited quantity of 
amino acid oxidase is a curvilinear function of the concentration of the sub- 
strate. At high concentrations a limiting rate of deamination is attained 
which is characteristic for each amino acid. Furthermore, rate of deamina- 
tion is directly proportional to enzyme concentration (13). One may note 
in Figs. 1, 2, 5, and 6 that, in vivo, the rate of secretion of ammonia is simi- 
larly a curvilinear function of plasma amino nitrogen concentration, and 
that at high plasma concentrations a limiting rate of excretion is attained 
which is characteristic for each amino acid. It might be assumed that the 
rate of ammonia elimination at high plasma levels of amino acid is limited 
by the rate of deamination of substrate by a fixed, limited quantity of en- 
zyme. Within the limitations of these data this assumption is consistent 
with the observed facts. 

It has been repeatedly observed that, if a given quantity of acid is ad- 
ministered to an animal each day over a period of several days, the quantity 
of ammonia eliminated in the urine progressively increases with time until 
the ammonia output becomes equivalent to the acid intake (24). This may 
represent a purely functional response of the kidney to progressive depletion 
of the alkali reserve of the body. It may, however, represent a type of bio- 
chemical compensation expressed as an increase in the intracellular concen- 
tration of amino acid oxidase and glutaminase. Suchan increase inenzyme 
concentration might enable the kidney to increase its ammonia produc- 
tion at normal plasma concentrations of glutamine and amino acid. That 
the plasma concentrations of these two substrates are unchanged in acidosis 
is evident from the work of Van Slyke et al. (7) on glutamine, and 
the present study on amino acids. 


SUMMARY 


A representative number of amino acids have been administered to acido- 
tic dogs by intravenous infusion. The rate of tubular secretion of ammonia 
and the rate of tubular reabsorption of amino nitrogen have been studied at 
a series of comparable plasma concentrations of each amino acid. It has 
been demonstrated that glycine, dl-alanine, /(—)-leucine, dl-aspartic acid, 
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and a hydrolysate of casein produce an increase in the rate of ammonig 
secretion in the acidotic dog. /(+.)-Arginine, [(+)-lysine, and 1(+)-glhy. 
tamic acid are without such an effect. It has been shown that the capacity 
of these amino acids to alter ammonia secretion in vivo is correlated well 
with their susceptibility to oxidative deamination in vitro by renal amino 
acid oxidases. This has lead to the conclusion that renal amino acid oy. 
dases are concerned in the living animal with the synthesis of ammonia by 
the kidney and hence play an important réle in the renal regulation of acid. 
base balance. It has been further noted that there exists a correlation be- 
tween the extent to which an amino acid can increase ammonia secretion 
and the extent to which that same amino acid is reabsorbed by the renal 
tubules. The basis for this correlation is not definitely known, but it has 
been proposed that either the physical properties of the several amino acids 
or a common chain of intracellular reactions might similarly limit both 


tubular processes. 
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PREPARATION OF DIPHOSPHOPYRIDINE NUCLEOTIDE* 
By G. A. LEPAGE 
From the McArdle Memorial Laboratory, University of Wisconsin, Madison) 


(Received for publication, February 21, 1947) 


A recent publication by Sumner et al. (1) discusses the need for a sim- 
plified method of producing diphosphopyridine nucleotide (DPN), a 
compound needed in studies of many enzyme systems. These authors 
eall attention to the complexity of available methods and present a new 
procedure, Which though somewhat simplified, uses expensive materials and 
gives very low yields. The potency of their preparations is difficult to 
estimate, since they base it upon an enzymatic assay of the DPN content 
of the yeast used as source material, without reference to any standard. 
Data presented for nitrogen, carbon, hydrogen, and phosphorus are not 
those of pure DPN and are acknowledged to be a poor criterion of purity. 
While they present spectrophotometric data for wave-lengths of 210 to 300 
mu with a peak at 260 my these are characteristic of other adenine nu- 
cleotides generally found as impurities in DPN preparations. No data 
are given for the absorption of the reduced form at 340 mug. 

It is the purpose of this paper to present a method which has been in 
use in our laboratories for over a year, during which time it has served 
to supply needs for some 25 gm. of DPN preparations at low cost. Pressed 
bakers’ yeast appears to be the most generally available and cheapest 
source material.! A method described by Williamson and Green (2) 
provides a simple means of obtaining a DPN concentrate in good yield. 
Williamson and Green report obtaining, by this method, material assaying 
65 per cent and possessing no phosphorus-containing impurities. Using 
their procedure either exactly as described or as slightly modified in our 
final method, we consistently obtain preparations assaying 27 to 30 per 
cent and containing considerably more phosphorus and pentose than can 
be ascribed to the DPN content. 


Procedure for Crude Preparation 
A vessel containing four liters of distilled water is heated, with mechanical 
stirring, in such manner that heat is supplied rapidly. When the tempera- 


* This research was aided by a grant from the Jonathan Bowman Fund for Cancer 


Research. 
' It is important that this be fresh, since yeast obtained when 2 days old gave ap- 
proximately twice the yield given by that which had been stored | week in the re 


frigerator. 
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ture has reached 92°, addition of the crumbled yeast is begun. It js 
added as rapidly as possible with the temperature maintained at 90-92°. 
When 10 pounds of yeast have been added, the heat is withdrawn and the 
vessel is immersed in cold water and rapidly cooled to room temperature, 
The yeast suspension is filtered on Biichner funnels with suction, with g 
filter aid such as Hyflo Super-Cel. <A pressure filtering device is used for 
this operation when available2 The filtrate, 4000 to 4300 ml., is treated 
with 10 per cent of its volume of 25 per cent basic lead acetate solution. 
Pb(OAc)2:-Pb(OH)2, and the resulting precipitate filtered out and dis- 
carded. The filtrate from the lead treatment is adjusted to pH 6.5 with 
acetic acid, chilled, and 50 ml. of 25 per cent silver nitrate solution stirred 
in. The resulting precipitate is permitted to settle in the refrigerator and 
the bulk of the liquid decanted off. The slurry is centrifuged in 250 ml, 
bottles and the supernatant discarded. The silver precipitate is washed 
three times with successive portions of distilled water, each approximately 
3 times the volume of the packed precipitate. Washing is carried out 
in the centrifuge bottles. The precipitate is stirred up in 50 to 70 ml. of 
water and decomposed with hydrogen sulfide. The silver sulfide is cen- 
trifuged, washed once with a small volume of water, and discarded. The 
supernatant and wash are filtered and aerated free of hydrogen sulfide. 
5 volumes of cold acetone are added. ‘The resulting precipitate, which 
contains the DPN, is centrifuged in the cold, the supernatant discarded, 
and the precipitate dried in vacuo over sulfurie acid. The vield at this 
point is 1200 to 1500 mg. of material assaying 27 to 30 per cent DPN. 
While this amount of material can be carried through the rest of the 
procedure with essentially the same recoveries, it is almost as readily 
carried out with 5 or 10 times as much material. Consequently this crude 
preparation is allowed to accumulate before further purification is begun. 


Procedure for Second Stage of Purification 


The crude cozymase (10 gm.) is dissolved in 775 ml. of 0.1 M acetie acid 
and to it are added 25 ml. of 25 per cent lead acetate, Pb(OAc)s, and 2 
liters of 95 per cent alcohol. The solution is chilled to 0°. The resulting 
precipitate is centrifuged and discarded. The supernatant is treated with 
25 per cent silver nitrate in excess (approximately 50 ml.) and the silver 
salt of DPN centrifuged down in the cold. After the precipitate is washed 
once in the centrifuge bottle with approximately twice its volume of 
water, it is suspended in 100 to 150 ml. of water. Hydrogen sulfide is 
passed in to decompose the silver salt. This decomposition takes only 
a few minutes if one stoppers the bottle and shakes it once or twice during 
the gassing. The silver sulfide is centrifuged, washed once, and discarded. 


* We have been able to facilitate greatly this operation with a Sparkler horizontal 
pressure filter. 














Excess 
pH 7.0 
of bigh 
72 gm. 
for 201 
ments 
these ¢ 
coal is 
(to ren 
not rel 
filtrate 
pyridin 
20 min 
and the 
under | 
keeps 1 
40 to 5 
traces | 
precipi 
centrift 
sides of 
DPN i 
The 
Since t 
The yi 
DPN, 
in the | 


Our 
the m: 
corresp 


3If a 
prepara 
starting 
materia 
metals. 

‘ Noi 
salts pr 
and air- 

5 Eve 
materia 
tillatioz 

§ Mo 
it is in| 




















G. A. LEPAGE 625 


Excess hydrogen sulfide is aerated off* and the solution is neutralized to 
pH 7.0 with sodium hydroxide, care being taken to avoid localized areas 
of high pH. The volume is made up to 400 ml. with distilled water and 
72 gm. of charcoal added. The suspension is shaken or stirred vigorously 
for 20 minutes, then filtered on a fritted glass filter with suction. Experi- 
ments with various ratios of charcoal and DPN demonstrated that under 
these circumstances the DPN is all adsorbed on the charcoal. The char- 
coal is washed, on the filter, with 300 ml. of 2 per cent trichloroacetic acid 
(to remove sodium ions) and with 100 ml. of water. These washes do 
not remove any DPN as shown by complete absence of pentose in the 
filtrates. The washed charcoal is suspended in 360 ml. of a 20 per cent 
pyridine®-80 per cent water mixture (volume) and stirred vigorously for 
2) minutes. Then the charcoal is filtered off on the fritted glass funnel 
and the elution repeated. The two eluates are combined and concentrated 
under reduced pressure at 30-35° with a water aspirator. The pyridine 
keeps the pH within safe limits. When the volume has been reduced to 
40 to 50 ml. (pH now 4.0 to 4.5), the solution is filtered to remove the last 
traces of charcoal and treated with 6 to 7 volumes of cold acetone. The 
precipitation is best carried out in small, successive portions in a 50 ml. 
centrifuge tube. This minimizes losses due to material adhering to the 
sides of the tube. When it has all been centrifuged down,’ the precipitated 
DPN is dried in vacuo over sulfuric acid. 

The dry material can be scraped from the tube and ground in a mortar. 
Since the material is hygroscopic, it is advisable to dry the powder again. 
The yield is now 3400 to 3800 mg. of white material assaying 63 per cent 
DPN, with consistent 80 per cent recoveries of the DPN originally present 
in the crude material. 

Assay 

Our preparations are first tested in a biological system requiring DPN, 
the malic dehydrogenase system (3). If amounts of the preparations 
corresponding to 50 to 200 y of DPN are added per Warburg flask, an almost 

‘If at this point the DPN is precipitated with acetone and dried, the resulting 
preparation is 54 to 57 per cent DPN and the recovery of the DPN present in the 
starting material is approximately 90 per cent. These preparations, and the starting 
material, both exhibit, in biological systems, effects attributable to traces of heavy 
metals. 

* Norit A decolorizing charcoal proved most suitable. This tends to have alkaline 
salts present in it as received, and it is best to wash it on a Biichner funnel with water 
and air-dry it before use. 

* Even the reagent grade pyridine that we obtain contains small amounts of colored 
material, which all appears in the final DPN preparation unless eliminated. Dis- 
tillation from glass served to remove these undesirable impurities from the pyridine. 
: More centrifuging is required when the DPN reaches higher potency than when 
it is in a very crude state as it was earlier in the procedure. 
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linear response is obtained. Larger quantities can be added to obtain g 
plateau on the oxidation rate. The latter gives an indication as to whether 
a preparation contains traces of heavy metals, since the accumulated 
effect of these is to lower oxidative rates. 

Measurement of the absorption of the reduced form of DPN at 340 my 
as first used by Warburg and Christian (4) appears to be the most precise 
method of assay.’ This was accomplished in our laboratory by use of g 
Beckman spectrophotometer. The details of this assay were worked 
out by Dr. Van R. Potter, with whose permission they are included jn 
this manuscript. 

The assay procedure is as follows: The DPN sample is made up as a 
| per cent solution. To a 16 X 150 mm. tube is added 0.20 ml. of water + 
).50 ml. of fresh 1 per cent sodium bicarbonate, followed by 0.10 ml. of 
the 1 per cent DPN preparation (1000 y). 2 ml. of a freshly prepared 3 
per cent solution of sodium hydrosulfite in 1 per cent sodium bicarbonate 
are prepared in a small tube with cautious stirring to avoid aeration. A 
).20 ml. aliquot of the sodium hydrosulfite solution is added to the tube 
containing the DPN sample, mixed in gently, and allowed to stand 20 
minutes at room temperature without further agitation. Now to the 
sample tube are added 9.0 ml. of a 1 per cent sodium bicarbonate-1 per 
cent sodium carbonate solution. The mixture is aerated for 5 minutes to 
remove excess hydrosulfite. Aeration is by means of compressed air 
passed through a water wash. The sample is used to obtain absorption 
at 340 mu in the Beckman spectrophotometer. 

A reading can be taken with a second aliquot not receiving the reduction 
treatment. This provides a correction for absorption of the oxidized 
form or any impurities. Our final preparations have a negligible absorp- 
tion at 340 mu before reduction. Some of the cruder preparations show 
approximately one-tenth as high an absorption before as after reduction. 

For calculation of the DPN concentration, the constant given in War- 


’ The original procedure was not proposed as an assay but has been frequently 
used for assay purposes without its being stated whether the reduction was carried 
out in Warburg flasks with 95 per cent N»-5 per cent CO, in the gas phase. In the 
present procedure the ratio of NasSeO, to DPN has been increased, the use of the 
gas mixture has been eliminated, and the reaction is carried out at room temperature 
The concentration of Na S.O, is such that exclusion of oxygen is unnecessary. If 
fresh bicarbonate is used, the pH remains in the correct range of 7.4 to 7.9 during the 
reduction without having 5 per cent CO, in the gas phase. On standing, bicarbonate 
solutions lose COs and the pH rises to above 8.0. In this pH range, the reduction 
product absorbs at 340 my but its maximum is at 360 my and it can be observed visually 
as a yellow color; it is believed to be the free radical or half reduced compound, and 
unlike the fully reduced compound it is reoxidized by air in the presence of sulfite, 


so that the Ay decreases on standing (5). (V. R. P.) 
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burg’s review as the average of the best preparations was used (6). The 
value for 235 was given as 1.3 X 107 cm.? per mole which converts to 8.5 X 
10? cm.? per gm. The 2349 value is about 2 per cent higher than the Ess 
but the constant has been used as given. On this basis, the concentration 
in micrograms per ml. is given by multiplying the E349 (1 em.) by 118, and 
since the samples are made up at a concentration of 100 y per ml. this value 
is also the per cent purity of the sample. 

The following variations in the assay method were found to have no effect 
on the result: (1) increased amounts of sodium hydrosulfite up to 12 mg.; 
(2) incubation of the sample, after reduction, for 15 to 90 minutes; (3) in- 
cubation at 38° instead of at room temperature (20-25°); (4) washing out 
the sodium bicarbonate solution with 95 per cent nitrogen-5 per cent carbon 
dioxide and bubbling this gas through the samples during incubation; (5) 
variation in the bicarbonate from 0.20 to 0.70 ml.; (6) variation in the DPN 
sample from 0.10 to 0.50 ml.; (7) aeration beyond 5 minutes. 


DISCUSSION 

The preparation of DPN described above requires relatively small quan- 
tities of solvents and depends chiefly upon cheap chemicals, such as lead 
salts and charcoal. The whole procedure can be accomplished within 2 to 3 
days while other work is carried on. The main portion of the work, the 
accumulation of crude DPN by the slightly modified Williamson-Green 
method, can be carried out by undergraduate part time helpers or technical 
assistants with satisfactory results. 

The use of charcoal adsorption has been described for DPN purification 
by Jandorf (7), and now more recently by Sumner e/ al. However, Jandorf 
used it earlier in the purification procedure and accomplished elution by 
shaking with an amyl aleohol-water mixture for long periods. We were 
unable to obtain anything approaching complete elution by this means, as 
apparently was the case in the method of Sumner ef a/. Procedures in- 
volving fractionations with lead and alcohol have been used by Warburg 
and Christian (4) and by Schlenk (8) for DPN fractionations. 

The criticism has been offered (1) that the spectrophotometric assay 
would be subject to error because of the possible presence of inactivated 
DPN, which would be measured but have no biological activity. The assay 
procedure described here is as applicable to our crude preparations as to our 
best purified material. This is indicated by the relationship between the 
results of spectrophotometric and biological methods. When potency ac- 
cording to the spectrophotometric procedure increases 2-fold or more, the 
activity in the biological system (malic dehydrogenase) increases propor- 
tionately. 
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SUMMARY 


A relatively simple procedure is described for obtaining diphosphopyri- 
dine nucleotide from bakers’ yeast in yields of 515 to 715 mg. of preparation 
per 10 pounds of yeast. The preparations are white, amorphous powders 
showing no trace metal effects in biological systems and assaying 63 per cent 
DPN by the measurement of reduced form at 340 mu. A description of the 
assay procedure is included. 


‘The author wishes to acknowledge the assistance of Dr. Van R. Potter 
who provided both the biological and spectrophotometric assays of our 
preparations. 
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A STUDY OF THE PURIFICATION AND PROPERTIES 
; OF RICIN 
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(From the Departments of Neurology and Medicine, College of Physicians and Surgeons, 


Columbia University, the Neurological Institute, and the Presbyterian 
Hospital, New York) 


(Received for publication, February 26, 1947) 


Ricin, the highly toxic, hemagglutinating protein of the castor bean, 
has always been of great interest to the chemist and the immunologist 
(1-4), partly because it may readily be obtained in considerable quantities. 
Earlier methods of preparation were carried out before the development 
of modern physicochemical and immunochemical methods for character- 
izing proteins and data are therefore lacking on the purity and homogeneity 
of the products obtained. 

In the present report a summary is given of a portion of a study carried 
out during 1943-45 in consultation and collaboration with other laboratories 
engaged in parallel investigations which, it is hoped, will soon be published. 
Since results and materials were freely exchanged, some of the data in- 
cluded here were obtained on material from other laboratories, as in- 
dicated in the text. 

EXPERIMENTAL 


Purification of Ricin—A partially purified sample of ricin (Lot A) was 
supplied by Dr. O. H. Alderks of The Procter and Gamble Company. 
It had been prepared according to Dr. A. H. Corwin of Johns Hopkins 
University by extraction of pressed castor beans with water at pH 3.8, 
precipitation of the toxin by saturation with sodium chloride, solution of 
the precipitate in water, and reprecipitation at pH 8 by saturation with 
sodium sulfate. Most of this material was obtained from castor beans 
without selection as to color. Other samples which had been prepared 
from white, gray, reddish gray, or black beans were identical in all prop- 
erties examined. 

7.5 gm. of Lot A were dissolved in water and the insoluble matter was 
centrifuged off (71 mg. of N). The solution and washings (650 mg. of N), 
at a volume of 300 ml., were treated with Na SO, solution saturated at 
37°. Precipitation was interrupted after 175 ml. had been added. The 
precipitate (Fraction B1) was centrifuged off and the supernatant treated 
with an additional 95 ml. of warm saturated Na,SO, solution. The pre- 
cipitate (Fraction B2) was centrifrged off, leaving in the supernatant Frac- 
tion B3 which was precipitated by saturation with Na,SO,. Fractions B1 

629 
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and B2 were each dissolved in water and freed from insoluble material. Frae- 
tion B1 was reprecipitated twice from a volume of 150 ml. by addition of 875 
ml. of warm saturated Na,SO, soluticn. The material in the supernatants 
from these reprecipitations was designated Fraction Bl’. Fraction B2 was 
not further purified. Fraction B3 was taken up in a small volume of water 
and freed of a small amount of toxin (Fraction B8a) by addition of 45 per 
cent by volume of saturated Na SO, solution, leaving the supernatant, 


TABLE I 


Fractionation of Lot A by Sodium Sulfate 


Fraction Bi Fraction B1’ Fraction B2 Fraction B3a Frectiee 
Yield, mg. A 303 27 35 8 | 202 
lalp,* degrees 28 —32 32 39 —59 
Minimum hem 0.3 0.3 0.3 0.3 | 1000 
agglutinating 
dose, y N 
Intraperitoneal toxicity for mice 
N injected . 
Y 
0.01 0/3t 10/3 10/3 
0.1 3/3 <96 hrs.t/3/3 <96hrs. [3/3 5 days/1/3 <95 hrs. 
l 3/3 <24. “* |3/3<24 “ 13/3 <70hrs. [3/3 <45 “ 0/3 
10 3/3 <24 “ 13/8<24 “ = |3/8<20 “ = [3/3 <20  “ 0/3 
100 0/3 
1000 0/3 
' 
* Optical rotation calculated for protein = N X 6.25. 


+ The number of deaths within 10 days to the number of mice injected. 
t Longest life period of any mouse which succumbed 


Fraction B3b. Yields, optical rotation, hemagglutinating power, and 
toxicity for mice are given in Table I. It is evident that most of the 
toxin was concentrated in Fraction B1, which showed the lowest specific 
rotation. Fraction B3b, which contained about 30 per cent of the original 
soluble N, had less than 0.0001 of the toxicity of Fraction Bl and was 
readily dialyzable through cellophane membranes. 

The toxicity of the fractions was estimated by intraperitoneal injection 
of 0.5 ml. of 10-fold serial dilutions of solutions standardized on the basis 
of nitrogen content. Female mice weighing 20 + 3 gm. were used, three 
being injected with each dilution. Death or survival for 10 days was used 
as the end-point. 
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The hemagglutinating potency was measured as the minimum quantity 
of nitrogen giving definite agglutination (+) of 0.2 ml. of a 4 per cent 
suspension of washed human group O erythrocytes. All tests were carried 
out in a volume of 1 ml. and were read after incubation at 37° for 1 hour. 

Crystalline Ricin—Ricin was obtained in crystalline form by Kunitz! 
and also by Cannan.? Samples of three or four times crystallized material 
were made available through the courtesy of Dr. R. K. Cannan, Dr. M. 
Levy, and Dr. A. E. Benaglia of New York University. 

Characterization of Crude and Purified Ricin—A comparison of the 
properties of crude ricin (Lot A), of Fraction B1, and of crystalline ricin 
is given in Table II. Both Fractions B1 and crystalline ricin showed a 
lower optical rotation than did the crude ricin; they were both electro- 
phoretically and ultracentrifugally homogeneous, while Lot A showed two 
components in the ultracentrifuge and three components by electrophoresis. 
From sedimentation and diffusion, Fraction Bl was found to have a 
molecular weight of roughly 85,000 for a partial specific volume of 0.75. 
The sedimentation constant of crystalline ricin was slightly lower, leading 
to a molecular weight of 77,000, a value not considered significantly differ- 
ent from that of Fraction Bi, since precise temperature control was not 
possible during the measurements of sedimentation. From these data a 
frictional ratio, f fo, of 1.2 was found for Fraction Bl and the cystalline 
product, indicating a ratio of length to width of about 4 or 5 for a ey- 
lindrical or ellipsoidal shape and an unhydrated molecule. The mobilities 
of Fraction Bl and crystalline ricin were determined over a pH range of 4.0 
to 8.5. The respective isoelectric points were calculated as 5.2 and 5.4 to 
5.5, values that were practically the same. 

A more precise Comparison of the toxicity of these preparations was 
obtained by determining the minimum quantity of nitrogen (1 toxic unit) 
necessary to kill a 20 gm. mouse in 24 hours (modification of a method 
described by Dr. A. H. Corwin’ of Johns Hopkins University). Ten mice 
were used for each sample to be assayed. Assays were carried out at 
New York University and at the University of Chicago through the courtesy 
of Dr. R. K. Cannan. Data in Table II indicate that samples of Lot A 
and Fraction B1 were only one-third and two-thirds as toxic as crystalline 
ricin. 

The hemagglutinating potencies of Lot A and Fraction B1 were about 
the same within experimental error, 0.3 y of N giving minimum agglutina- 
tion of 0.2 ml. of a 4 per cent suspension of washed human erythrocytes 
when the tests were carried out in saline. The hemagglutinating power of 


' Kunitz, M., personal communication. 
* Cannan, R. K., personal communication 
* Corwin, A. H., personal communication. 
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TABLE II 


Properties of Ricin Preparations 

















iemdidiae ssaainsaaenacetyseeseieneneiiinaaedann 
Lot A Fraction Bi | Crystalline ricin 
' 
—41.5 —28 to —30 | —26 
n constant, S,| 5.1 (67%) 5.3* (100%) 4.8 (100% 
and relative concentrations | 0.8 (33%) 
. 
6.0T 
85,000 77 ,000§ 
1.2 1.2 
4-5 | 4-5 


Electrophoretic mobility (u X 105) and % components 
} } 








pH 
8.5 —1.0 (19%) 
—1.9 (77%) | —2.2 (100%) —2.2 (100%) 
| —4.1 (4%) | —3.1 (Trace) 
7.4 —1.3 (96%) —1.2 (100%) —1.0 (100%) 
—3.5 (4%) | 
6.05 | —0.6 (100%) —0.3 (100%) 
5.0 | +0.5 (100%) 
4.9 +0.2 (100%) 
1.0 +2.1 (100%) 
Isoelectric point, pH 5.2 | 5.4-5.5 
Minimum hemagglutinating | 
dose, y N 
In saline 0.3 0.3 3-5 
*€ 1:100 normal rabbit 0.3 0.3 0.5 
serum 
Toxic unit per 20 gm. mouse, 0.76 0.40 0.25 
y¥NQ 
Crystalline rieincontentfrom | 33 63-67 | 100** 


toxicity data, t.e. toxic N % 


Quantitative precipitin reaction with 1.0 ml. 1:20 pooled rabbit anti-Fraction 


N added 





Bl serum 





Extinction (Folin-Ciocalteau) of 1.0/2.5 ml. aliquot of 
washed ppt. 


0.067 0.103 | 0.09 
0.117 0.175 0.175 
0.206 0.36 0.335 
0.276 0.51 | 0.47 
0.43 | 0.70 | 0.68 
0.593 0.84 0.87 


0.71 0.97 0.93 
0.79 | 
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TABLE II—Concluded 


| 
Extinction (Folin-Ciocalteau) of 1.0/2.5 ml. aliquot of 

















N added | ealanass of 

N to give extinction of 0.6, y | 7.6 4.0 | 40 

Immunologically active ricin | 53 100 | 100*# 
in preparation, ¢ . | 

Detoxified N in adaption. | | 20 33-37 or* 














%tt | | 


* Average of 5.3,5.4,5.2, and 5.4 for several preparations « at concentrations of 0.77, 
0.53, 0.50, and 1.05 mg. of N per ml. At 2.0 mg. of N per ml. S was 5.0. 

t Average of 5.98 and 6.08 for two preparations, corrected to two significant figures. 

t Fora partial specific volume of 0.75. 

§ The diffusion constant is assumed to be the same as for Fraction B1. 

| From f/fo, for cylindrical or ellipsoidal shape. 

{ Determined at the University of Chicago. 


** Assumed. 
tt Immunologically active ricin minus crystalline ricin content from toxicity data. 


crystalline ricin, however, was found to be only about one-tenth that of 
Fraction Bl. Gilman and Phillips‘ observed that addition of normal 
serum increased the hemagglutinating potency of crystalline ricin. This 
was confirmed (Table II). By fractional precipitation with acetone it was 
found possible to obtain fractions with as little as one-fortieth of the hemag- 
glutinating power of Fraction Bl. Addition of serum or of 0.5 per cent 
of formalin restored hemagglutinating potency. These data suggest that 
hemagglutinating power, while a characteristic of ricin itself, is influenced 
by the presence of other substances. 

Antisera to Fraction B1 and to crystalline ricin were prepared by im- 
munization of rabbits with a formalinized toxoid prepared as follows: 
A solution containing 0.5 mg. of N of Fraction Bl per ml., buffered at 
pH 7.4 with 0.02 m phosphate and 0.15 m NaCl and containing 0.5 per 
cent formalin (1 part of 37 per cent formaldehyde solution to 200 parts of 
buffered ricin solution at pH 7.4), was kept at 37° for 5 days (in some 
instances 5 per cent formalin was used). This procedure resulted in 
about a 100- to a 1000-fold reduction in toxicity when 0.5 per cent formalin 
was used, and about a 1000-fold reduction in toxicity with 5 per cent for- 
malin. Complete detoxication could not be obtained with formalin, as 
had previously been reported by Heymans (5). Marked loss of antigenicity 
occurred with formalin at pH 8.5 and above. Before use, the formalinized 
toxoid was precipitated by addition of enough 1 per cent alum to insure 
maximum flocculation. Because of the incomplete detoxication and the 
extreme susceptibility of the rabbit to ricin it was found necessary to 


* Gilman, A., and Phillips, F. 8., personal communication. 
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give each rabbit subcutaneous injections of 2.5, 5, and 5 y of toxeid N 
at 5 day intervals to induce some immunity before intravenous injections 
were started. Each rabbit then received four intravenous injections 
weekly for 4 weeks, as follows: two injections of 0.01 mg. of N, two of 
0.03, four of 0.05, four of 0.15, and four of 0.50 mg. of toxoid N. Rabbits 
were bled by cardiac puncture 5 days after the last injection. A later 
course of intravenous injections could be given with 0.5 or 1 mg. of N 
per injection. The animals became so resistant to the toxic effects of 
ricin that immunization could be continued with equal doses of an alum 
precipitate of undetoxified ricin. 

Antiricin sera may be standardized by measuring their capacity to 
neutralize the toxic effects of ricin on intraperitoneal injection into mice 
or by assay of their inhibition of the hemagglutinating power of ricin. 
Assays of the potency of a large number of rabbit antisera and of several 
horse and goat antisera by both methods gave parallel results within 
experimental error, providing strong support for the concept that hemag- 
glutinating power and toxicity are properties of the same protein molecule. 

A comparison of the immunochemical properties of Fraction B1 and 
crystalline ricin was afforded by determination of their relative capacities 
to precipitate with rabbit antiricin sera. These analyses were carried 
out by addition of increasing amounts of a given preparation of ricin to a 
measured volume of antiserum. After 1 hour at 37° and 1 week in the 
ice box the precipitates were centrifuged off, washed twice in the cold 
with saline, dissolved in water with the aid of 1 or 2 drops of 0.5 n NaOH, 
and made up to 2.56 ml. Aliquot portions were analyzed by a modification 
of the Folin-Ciocalteau tyrosine method as described by Heidelberger 
and MacPherson (6). Extinction readings in the photoelectric colorimeter 
plotted against the amounts of antigen nitrogen used gave a smooth curve 
up to the point of complete precipitation of antibody. The curves obtained 
with different preparations of ricin could be compared with respect to 
their capacities to precipitate antiricin by determining the ratios of the 
amounts of antigen required to give the same extinction. From Table II 
it is evident that equal amounts of Fraction B1 or crystalline ricin nitrogen 
were of equal potency, within experimental error, in precipitating antiricin 
from an antiserum to Fraction Bl. Similar results were obtained with 
an antiserum to crystalline ricin. The extinction values obtained with 
equal amounts of Lot A, however, were uniformly lower. Comparison of 
the amounts of Lot A and of crystalline ricin or Fraction BI nitrogen re- 
quired to give an extinction reading of 0.6 indicates that 7.6 y of N of Lot A 
were required in contrast to 4.0 y of N of fraction B1 or erystalline ricin. 
With respect to its content of material immunochemically reactive as ricin, 
Lot A would be only 4.0/7.6 or 53 per cent pure. Comparisons made at 
any extinction reading in the antibody excess range may be used. 
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After removal of the specific precipitates, supernatants were divided 
in half and tested for the presence of antibody or antigen. With the 
antiserum to Fraction B1 as well as with antiserum to crystalline ricin, 
it was found that a given supernatant did not contain both antigen and 
antibody, even when crude products such as Lot A were used. Super- 
natants contained excess antigen or antibody, and in some instances 
neither antigen nor antibody could be detected. As demonstrated by 
Kendall (7), this provides strong evidence that the antisera contained only 
antibody to a single antigen, in this instance antibody to crystalline ricin 
or its immunological equivalent. 

Although crystalline ricin and Fraction Bl were immunochemically 
identical on a nitrogen basis, in addition to having the same electrophoretic 
and ultracentrifugal properties within experimental error, Fraction Bl was 
only about two-thirds as toxic as crystalline ricin. This was taken to in- 
dicate that a portion of the ricin in Fraction Bl was non-toxic. Lot A 
also contained more ricin (53 per cent) by immunochemical analysis than 
could be accounted for by toxicity assays. A number of other crude 
ricin-containing fractions were analyzed by both methods and, in each 
instance, it was found that about one-third to one-half of the immuno- 
chemically measured ricin was non-toxic. 

Accordingly, it was considered of interest to try to establish whether 
this non-toxic form of ricin existed in the intact castor bean or whether it 
was a result of chemical treatment in the course of purification. A number 
of different extracts of castor beans were assayed for their content of 
material immunochemically reactive as ricin and by Dr. A. E. Benaglia 
for toxicity and heat-coagulable protein. The results are given in Table 
III. Samples 272 and O were obtained from intact castor beans. The 
hulls were removed and an aqueous extract was prepared. Samples 217, 
218, and M were extracts of castor beans pressed to remove oil; Sample 
217 had been defatted with carbon tetrachloride-petroleum ether. In all 
instances, even in the aqueous extracts of shelled castor beans, ratios of 
toxic N to immunologically reactive N ranged from 0.46 to 0.64, indicating 
the presence of considerable non-toxic ricin. In these extracts the im- 
munologically active nitrogen accounted for most of the heat-coagulable 
protein. 

Since crystallization effects a separation of the toxic and non-toxic 
forms of ricin, it could be anticipated that the mother liquors, after removal 
of as much crystalline ricin as possible, should contain a lower proportion 
of toxic N to immunologically reactive N than the crude products. Sample 
216, obtained from Dr. R. K. Cannan, Dr. M. Levy, and Dr. A. E. Benaglia, 
was such a mother liquor. The data in Table III show that the ratio of 
toxie to immunologically active N in this product was only 0.32, as com- 
pared with values of 0.46 to 0.64 for the unfractionated samples. 
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Estimation of immunologically reactive N by the quantitative precipitin | di 
method has been useful in following enzymatic digestion of ricin by pepsin cl 
m 

Taste III 


Correlation of Immunologically Active and Toxic Nitrogen in Ricin-Containing 
Crude Fractions of Castor Beans 









































. | : | | ‘ 
Sample No............ ; | 272 | oO | 217 | 218 | M | 216 are 
Total N, mg. per ml. | 3.38 | 1.14 | 4.46 | 2.74 | 5.38 | 12.35 | T 
Coagulable N, mg. per ml. 0.92 | 1.58 | 0.72 |} 2.04 | 10.32 E 
|(27%) |(23%) | (84%) |(26%) |(38%) | (84%) |100% N 
T.u.,*7 N per20 gm. mouset|} 2.2 2.6 | 26 | 2.6 19 | 1.6 0.35 8 
t.u., erystalline [15.5 | 13.4 | 13 | 13 IS | 21 = |100f Q 
100 x ———_— | | | | | | 
t.u., sample | 2 
= %, toxic N | | 
Quantitative precipitin reaction with 1.0 ml. 1:20 pooled rabbit anti-Fraction 
Bl serum 
i a N added | Extinction eager age poe _ ml. aliquot of 4 
ease oe oe oe 
0.5 0.09 
1 | | 0.175 
2 | 0.335 
2.5 0.101 | 0.113 | 0.135 | 0.119 | 0.113 | 0.315 
3 0.47 d 
5 0.226 | 0.255 | 0.243 | 0.233 | 0.228 | 0.538 | 0.68 I 
7.5 0.328 | 0.350 | 0.368 | 0.294 | 0.373 | 0.705 | 0.87 T 
10 0.429 | 0.48 | 0.47 0.42 | 0.475 | 0.81 | 0.93 
15 | 0.581 | 0.62 | 0.63 | 0.545 | 0.575 | 0.97 | 
20 | 0.695 | 0.74 0.735 | 0.655 | 0.735 | 1.14 | 
30 | 0.84 | 0.89 | 0.895 | 0.805 | 0.89 | 1.30 | 
40 0.98 1.07 1.04 0.95 | 1.05 1.40 | = 
| 
N to give extinction of 0.6, 715.8 114.5 (14 i 2 |14.4 | 6.0 | 4.0 . 
Immunologically active N, |25 28 28.5 123 128 166 /100t 
% of total N | | | | | | | 
Ratio, toxie N to immuno- | 0.62 | 0.48 | 0.46 | 0.57 | 0.64 | 0.32 | 1.0 
qi logically active N | | F 
t 
‘ * Toxicity unit. c 
+ Determined at New York University. t 
t-Assumed. o 
and trypsin. Digestion of ricin by pepsin at pH 4 or by trypsin at pH 7.4 a 
or 8.5 was found to take place slowly, 1 to 2 weeks being required for the f 
appearance of 40 to 50 per cent of products of low molecular weight. The : 




















KABAT, HEIDELBERGER, AND BEZER 637 


data in Table IV show that the disappearance of substance immuno- 
chemically reactive as ricin corresponded closely to the appearance of 
material of low molecular weight and to loss of toxicity. 








TaBLs IV 
Digestion of Crystalline Ricin by Pepsin and Trypsin 
Total N precipitable by Peptic digest Control Tryptic digest Control 
Trichloroacetic acid, % 47 100 


Half saturation with Na,SO,, % 47 100 56 98 
Non-dialyzable N, % 58.5 100 





Quantitative precipitin curves of digested and untreated materials with 1.0 ml. 
1:20 dilution of pooled rabbit antiricin serum 











N added | Extinction (Folin-Ciocalteau) of 1.0/2.5 ml. aliquot of solution of washed ppt. 
y | | 
l | 0.088 0.154 0.093 0.193 
2 0.141 0.305 0.192 0.384 
4 0.302 0.568 0.368 0.65 
6 0.40 0.75 0.466 0.825 
8 | 0.56 0.875 0.613 0.94 
10 0.68 1.03 0.715 1.10 
15 | 0.83 1.15 0.87 1.19 
20 | 0.99 1.22 
N to give extinction of 0.6, y | 8.8 4.0 ey 3.9 
Immunologically active N, % |46 100 5l 100 
Toxicity for mice 
0.05 y N injected 1/36 days | 3/3 < 45- 
95 hrs. 
—- * 2/3 < 70, 3/3 < 45- 
95 hrs. 70 hrs. 


























After dialysis of the digested samples the non-dialyzable N showed 93 per cent 
of the precipitating power of crystalline ricin with antiserum. 


DISCUSSION 


By fractional precipitation with sodium sulfate it is possible to obtain 
a highly toxic protein (Fraction B1) which is electrophoretically, ultra- 
centrifugally, and immunochemically homogeneous, and identical by 
these criteria with samples of crystalline ricin.’.? However, Fraction B1 is 
only two-thirds as toxic as the crystalline product. Assays were made of 
a variety of crude extracts of castor beans and of partially purified products 
for toxicity and for material immunochemically identical with ricin. 
These showed that there was uniformly less toxic nitrogen present than 
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immunologically active ricin nitrogen. The amount of substance im- 
munochemically identical with ricin acecunted for mest, if not all, of the 
heat-coagulable protein in these materials. It may, therefore, be inferred 
that the castor bean contains two proteins, one of which is toxic, the 
other non-toxic, but which are immunochemically, ultracentrifugally, 
and electrophoretically identical. The toxic ricin in the castor bean ex- 
tracts and in purified products, including Fraction B1, accounts for about 
one-half to two-thirds of the total ricin. It is possible that further 
studies at various stages in the development and germination of the castor 
bean might throw light on the relationships and mode of formation of 
toxic and non-toxic ricin. 

The quantitative precipitin method could not be used to standardize 
antiricin sera on the basis of their content of specifically precipitable 
nitrogen, since ricin was found to precipitate normal serum protein as well 
as other proteins. The washed specific precipitates from antiricin sera 
consisted of ricin, antiricin, and coprecipitated normal serum protein, 
but this did not interfere with the use of calibration curves of antiricin sera 
for the estimation of the amounts of total ricin in various preparations. 

Alternative possibilities to the existence of toxic and non-toxic ricin in 
the non-crystalline preparations have been considered but were rejected 
as contrary to the evidence. For example, if it is assumed that, although 
crystalline ricin precipitates the same amount of total nitrogen from 
antisera as does the less pure Fraction B1, the precipitate consists of more 
antibody and less non-specific protein, as might be expected, the antibody 
would be exhausted by less crystalline ricin than by Fraction B1. Actually 
the equivalence zone is found at the same level of added antigen in both 
instances. This also disposes of the possibility that ervstalline ricin 
precipitates less antibody and more non-specific protein. 

These studies provide an additional instance of the value of quantitative 
immunochemical methods, especially when used in conjunction with 
other physicochemical and biological techniques, in the characterization 
and estimation of proteins (for other studies cf. (8-10)). 


SUMMARY 


1. Highly toxic, hemagglutinating preparations of ricin can be obtained 
by fractional precipitation with sodium sulfate. These products are 
electrophoretically, ultracentrifugally, and immunochemically homogeneous 
and identical in these respects with crystalline ricin, but are only two- 
thirds as toxic. The toxic and non-toxic forms can be separated by crys- 
tallization. 

2. Immunochemical and toxicity assays of crude extracts of castor beans 
indicate that these contain both forms of ricin. 








ow 
_ 6 GC 


mano oe 


— 
— <= 
— — 





he 


ec] 

















KABAT, HEIDELBERGER, AND BEZER 639 


3. Ricin was found to have an isvelectric point of abcut 5.2 to 5.5 and 


a molecular weight by sedimentation and diffusion of about 77,000 to 


85,000 for an assumed partial specific volume of 0.75. 
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THE APPLICATION OF FLAME PHOTOMETRY TO SODIUM 
AND POTASSIUM DETERMINATIONS IN 
BIOLOGICAL FLUIDS* 


By RICHARD R. OVERMAN anp A. K. DAVIS 


(From the Department of Physiology, University of Tennessee 
College of Medicine, Memphis) 


(Received for publication, January 3, 1947) 


The need for a rapid, accurate method to determine quantitatively Na 
and K present together in biological fluids has been met by the procedures 
to be described. The necessity of separating these elements prior to their 
determination by the various chemical methods usually employed has led to 
procedures which are often prohibitively tedious and time-consuming. 
The recent development of flame photometry has now made possible physi- 
cal methods of analysis in which chemical separation of Na and K is 
unnecessary (1, 2). 

Although we are dealing with Na and K determinations only, the 
principle of flame photometry originally used by Lundegardh (3-5), and 
modified and called the air-acetylene flame method by Cholak and Hubbard 
(6), can theoretically be applied to the determination of all the alkaline 
metals. At present the available commercial instruments employ a rela- 
tively low temperature flame which activates the ions rather than the 
metals themselves; the sensitivity of the photocells is such that the lines of 
the metals themselves would not be of sufficient intensity to measure, and 
suitable optical filters for other metals are not readily available. 

The present report concerns the use of the Perkin-Elmer flame photo- 
meter (model 18)! in sodium and potassium determinations on blood, 
plasma, red blood cells, and urine. 


Materials and Methods 


The Instrument—The model 18 Perkin-Elmer flame photometer? was 
developed primarily for use in industry when rapid and accurate Na and K 
determinations on inorganic solutions are desired. The instrument consists 


* The work described in this paper was supported by a grant from the United 
States Public Health Service. 

‘Manufactured by the Perkin-Elmer Corporation, Glenbrook, Connecticut. 

* Development of flame photometry to the point of commercial manufacture of a 
laboratory instrument was carried out at the Stamford Research Laboratories of the 
American Cyanamid Company. The instrument used in these investigations was 
designed by the Perkin-Elmer Corporation to meet the demand of investigators who 
had used or heard of the instrument developed at the American Cyanamid Company. 
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essentially of (a) an aspirator and atomizer operated by compressed air, 
(b) a modified Meeker burner, (c) two photocells with filters, (d) an ampli- 
fier, and (e) a galvanometer. Solutions are aspirated and atomized at 
steady rate, rise into the flame of the burner where the elements are heated 
to incandescence, and the amount of light emitted at particular wave- 
lengths is measured by a null point galvanometer (1). The light to the Na 
photocell passes through an optical filter whose highest per cent. trans- 
mission is 5844 A (5465 to 6500 A), while the K photocell is covered by a 
filter whose peak transmission is 7716 A (7000 to 9240+ A). 








100 
80 

= 60 

3 

8 40 


20 


10 20 30 40 so 60 70 80 90 100 
No in ppm 


Fic. 1. Calibration chart for Na (0 to 100 p.p.m.) in the presence of 0 to 100 p.p.m. 
of K 


In practice the instrument is first calibrated with solutions of known ionic 
strength covering the range of concentrations expected in the unknown 
olutions. Thus the zero point of the vernier controlling the null point 
galvanometer may be set with distilled water and the LOO per cent point 
with a solution containing 100 parts per million (0.01 mg. per cent) of Na 
hy weight. By making determinations on known solutions between these 
two points, calibration curves are constructed (Figs. 1 and 2) covering the 
range of concentrations expected in the unknown solutions to be tested. 

Although with suitable calibrations a concentration of Na as high as 
10,000 p.p.m. (1 mg. per cent) can be determined, actual experience has 
revealed that the most satisfactory results are obtained on solutions con- 
taining less than 100 p.p.m.each of Na and K (1). Consequently, dilutions 
of blood, plasma, red cells, and urine are necessary before determinations 
are made. 


* Fraser, W. A., personal communication 
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Since the presence of a high concentration of one element may affect the 
adings made on another element, it is likewise important to use solutions 


re 
for calibrating the instrument which contain approximately the same 
relative amounts of Na and K as are to be expected in the unknown. In 
a solution containing 1000 p.p.m. of 


this regard, it has been shown (7) that 
Na will give a deflection amounting to 3 p.p.m. on the K photocell, while a 
solution containing 1000 p.p.m. of K will give a galvanometer deflection 
corresponding to 0.2 p.p.m. on the Na photocell. At the concentrations 
of Na and K encountered in the procedures to be described, these errors 
are almost negligible; nevertheless it has seemed advisable to prepare the 
standards with this interference in mind. 









100 


$ 





30 40 50 60 70 80 90 100 
K in ppm 


10 20 


Fig. 2. Calibration chart for Kk (0 to 100 p.p.m.) in the presence of 0 to 100 p.p.m. 
of Na. 


Before each unknown solution is run through the instrument, the zero 
point and the 100 per cent point are checked with the standard solutions. 
It has been found that running an “intermediate standard”’ (7.¢., some 
solution of known concentration between 0 and 100 per cent) is an ad- 
ditional check on the accuracy of the calibration. 

The error encountered in flame photometric determinations on biological 
fluids is due to the fact that runs are made on diluted samples and cen- 
sequently the small machine error (1 or 2 p.p.m) must be multiplied by 
a relatively large dilution factor (usually a factor of 5 or 6). However, 
operation of the instrument in the manner described and making multiple 
(three or five) readings on each unknown will produce results which have 
an accuracy of +4 per cent of the total amount of Na present and +3 
per cent of the total amount of K present (Table I). Thus, the accuracy 
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of the flame photometric determinations of Na and K in blood, plasma, 
and urine approximates that of the microchemical methods (8). Owing 
to the introduction of the dilution factor in magnifying the machine error, 
it will be apparent that the recoveries of small amounts of added Na, 
for example, from relatively large amounts already present (Table I, 
first line), will result in sizable recovery errors. The solution of this problem 
may lie in “internal standard” flame photometry as described by Berry, 
Chappel, and Barnes (2). 


TaBie I 
Recovery of Na and K from Dog Plasma by Flame Photometry 


The results, expressed in mg. per 100 ml., are the averages of fourteen deter- 
minations. 























Present Added Total | Found | Average Per cent 
recovery error 
Sodium 
367 s | 37 375, 368, 368, 354,361 | 365 | —2.66 
367 2 | 399 394, 396, 400, 425,413 | 406 +1.75 
367 98 | 465 | 451, 473, 465, 451, 413 457 —1.72 
367 168 | = 535 550, 538, 562, 535, 444 545 +1.87 
367, | «= 221 | S588 600, 626, 575, 581, 585 593 +0.85 
Potassium 
7.7 24.3 32 | 31.3, 30.6,30.6,31.3 | 31.0] —3.13 
17.0 81 98 | 91, 103, 101, 94 | 97 —1.02 
17.0 148 | 165 | 163, 168, 172, 163 | 167 +1.21 
17.0 205 222 | 231, 228, 231, 228 | 229 +3.15 
17.0 253 270 | 281, 281, 281 | 281 +4.07 
17.0 333 350 | 362, 362, 356 | 360 +2.86 














The accuracy of reading the instrument, and consequently the accuracy 
of the determination, can be improved further by decreasing the ratio 
between the concentration and the scale (vernier) reading. ‘Thus, if a 
solution contaiming 50 p.p.m. is used to set the zero point and one con- 
taining 80 p.p.m. is used to set the 100 per cent point (range setting), 
each of the 100 scale divisions will equal 0.3 p.p.m. instead of 1 p.p.m. 
as is the case when the zero is set with distilled water (0 p.p.m.) and a 
100 p.p.m. solution is used to set the 100 per cent point. By thus reducing 
the concentration-scale division ratio, the accuracy can be increased to 
+3 per cent of the amount of Na present and +2 per cent of the amount 


of K present. 





a 





by 
col 
pre 


siu 
na 
ph 


vo 


Fc 


sti 


he 





ma 


ror, 


Va 


em 
ry 


T- 














R. R. OVERMAN AND A. K. DAVIS 645 


Preparation of Standard Solutions 

The primary standards for flame photometric analysis are prepared 
by making separate solutions of sodium and potassium of 1000 p.p.m. 
concentration by weight. These solutions are diluted before use to the 
proper concentrations in the following manner. 

For whole blood, 10 ml. of the sodium standard plus 10 ml. of the potas- 
sium standard are diluted to the mark in a 100 ml. volumetric flask. 

For plasma, the standard for whole blood is used for the sodium determi- 
nation. For the potassium determination 5 ml. of the potassium standard 
plus 30 ml. of the sodium standard are diluted to the mark in a 100 ml. 
volumetric flask. 

For red blood cells, the standard for whole blood is used for potassium. 
For sodium, 5 ml. of the sodium standard plus 50 ml. of the potassium 
standard are diluted to the mark in a 100 ml. volumetric flask. 

For urine, any one of the standards may be employed (depending on 
how dilute the urine is) with the provision that the standard must contain 
a higher concentration of the element being determined. 


Preparation of Samples 

Plasma—2 ml. of plasma are diluted with 20 ml. of distilled water and 
the proteins precipitated by slow addition of 3 ml. of 20 per cent trichloro- 
acetic acid. The precipitate is removed by centrifugation and a portion 
of the supernatant (20 ml.) is run through the flame photometer to de- 
termine the K concentration. Since normal plasma contains between 
315 and 345 mg. per cent of Na and but 16 to 22 mg. per cent of K, and 
since the presence of large amounts of Na affect the K readings (but not 
vice versa), calibration of the instrument, as noted above, must be based 
on solutions containing similar relative proportions of these ions. In 
practice, the calibration curve used for K in plasma is constructed from 
readings on solutions containing between 0 and 300 p.p.m. of Na and 0 
and 50 p.p.m. of K (Fig. 3). At the dilution of plasma used, the scale read- 
ings lie between 20 and 35, which represents between 13 and 20 p.p.m. of K. 

5 ml. of the supernatant are further diluted to 25 ml. with distilled water 
and the determination of Na is made on the resulting solution. The 
Na determination in plasma is based on a calibration curve obtained on 
solutions containing from 0 to 100 p.p.m. of Na and 0 to 100 p.p.m. of K. 
In the dilution used, the scale readings for plasma Na lie between 57 
and 70, which corresponds to concentrations of from 52 to 62 p.p.m. 
of Na in the diluted unknown. 

Whole Blood—2 ml. of heparinized blood are diluted with 20 ml. of 
distilled water with a consequent laking of the red blood cells. The 
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protein is precipitated by the slow addition of 5 ml. of 20 per cent trichloro. 
acetic acid and the precipitate is removed by centrifugation. 10 ml. of the 
supernatant are diluted to 50 ml. with distilled water and both Na and K 
are determined on the resulting solution. Since whole blood contains 
approximately equal concentrations of Na and Kk, the calibration curve 
in this case is based on solutions containing between 0 and 100 p.p.m. 
of Na and 0 and 100 p.p.m. of K. In the dilution of whole blood used, 
scale readings for Na lie between 20 and 45, corresponding to between 
15 and 40 p.p.m. of Na, while the scale readings for K lie between 30 and 
40, corresponding to between 20 and 35 p.p.m. of K in the diluted unknown, 


100 
© 


Scole Reading 
$ 8 8 


5 10 i) 20 25 30 35 40 45 50 
Kin ppm 


Pia. 3. Calibration chart for k (0 to 50 p.p.m.) in the presence of 0 to 300 p.p.me 
of Na. 


Red Blood Cells—Erythrocytes are separated from plasma by repeated 
centrifugation at 3000 R.p.m. for a total of 1 hour. The plasma and the 
top layer of red cells are removed by a suction pipette and 1 ml. of red 
cells is pipetted from the bottom of the centrifuge tube and is diluted 
and laked with 20 ml. of distilled water. The protein is precipitated by 
the slow addition of 3 ml. of 20 per cent trichloroacetic acid. The pre- 
cipitate is removed by centrifugation and Na is determined on the resulting 
supernatant. By this method normal human red cells appear to contain 
less than 20 mg. per cent of Na. 

10 ml. of the supernatant are further diluted to 50 ml. with distilled 
water and K is determined by means of a calibration curve based on 
solutions containing between 0 and 100 p.p.m. of Na and 0 and 100 p.p.m. 
of K. Seale readings, with such a dilution, lie between 35 and 40, cor- 
responding to between 30 and 35 p.p.m. of K. 
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Urine—l to 3 ml. of urine is diluted to 100 ml. with distilled water 
and the resultant solution is used directly to determine both Na and K. 
The calibration charts used for these determinations depend entirely upon 
how concentrated the urine is. Trial runs are made in order to ascertain 
whether the scale is to be set at 100 p.p.m. or higher. 

With the methods of sample preparation described above, values for 
Na and K in whole blood, plasma, red blood cells, and urine have been 
obtained on 60 human subjects. The average values and the ranges are 
presented in Table II. It will be seen that the average values obtained 
by this method agree quite well with the usually accepted values established 
by the more laborious and tedious chemical methods (9-12). 


TABLE II 


Comparison of Average and Range Data of Flame Photometric and Chemical Methods 
for Na and K Determination in Human Body Fluids 


Fle 
siete 7 : Average | Range 
eter, Flame photometer, previously previously 
aver- — reportedt reportedt 
age* 
Whole blood | Na | 218 190-257 200 =| 170-225 
K 222 145-257 | 200 | 150-250 
Plasma Na | 352 323-366 340 315-345 
kK 20 14— 28 20 16— 22 
Red blood cells Na 14 Trace to 31 0 
K 437 425-444 420 
Urine Na | 220 80-385 


K 197 105-465 | 





* Average of determinations on thirty human subjects. 
tSee references (9-12). 


DISCUSSION 


The methods described here should be valuable not only because they 
give results as accurate as do the usual chemical methods but also because 
they materially reduce the time necessary to determine both Na and K. 
Perhaps the greatest advantage of flame photometry lies in the fact that it 
is not necessary to separate Na from K in order to determine either of them 
by this method. 

However, it must be pointed out that considerable care is required in 
making standards, in calibrating the instrument and rechecking the 
calibrations during the runs, in preparation of the unknown solutions, 
and in operation of the instrument in order that one may rely on the 
results. 
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Numerous other methods of preparing biological fluids for flame photo- 
metric determination of Na and K were tried unsuccessfully. Wet ashing 
methods with various combinaticns of sulfuric and nitric acids, sulfuric 
and perchloric acids, and sulfuric acid and hydrogen peroxide were at- 
tempted. Each of these methods depends upon the presence of some 
sulfuric acid which must be neutralized (with NH,OH) before the solution 
can be run through the flame photometer. None of these methods has 
been successful, since, apparently, the presence of large amounts of salt 
(in this case (NH,)2SO,) causes a depression of both the Na and K curves 
(2). 

Dry ashing methods are likewise unsuccessful because splattering and 
creeping of the solutions occur, the masses of residue left after ashing 
small blood samples are extremely minute and consequently difficult to 
handle quantitatively, and, finally, in the case of whole blood or red cells, 
complex iron compounds are formed which possess extremely low solu- 
bilities. 

In flame photometric determination it is not necessary to remove all 
organic material before the solution is run through the instrument. It 
ts advantageous to be rid of most of the protein, which may clot or pre- 
cipitate and clog the aspirator tubing. Such a degree of protein removal 
is readily obtained with 2) per cent trichloroacetic acid and, since the 
samples are so highly diluted, no serious coprecipitation of ions with the 
protein is encountered. 

SUMMARY 


1. Rapid procedures for flame photometric analysis of Na and K in 
blood, plasma, red blood cells, and urine are described. 

2. The accuracy of these more rapid methods approximates that of 
the more laborious chemical methods usually employed in Na and K 
analysis. 

3. Average and range data from 6) control determinations on human 
subjects are presented and compared with data previously reported. 

4. Some of the precautions to be taken in the operation and calibration 
of the flame photometer are discussed. 

The authors wish to acknowledge the cooperation and assistance of 
Dr. T. 8. Hill, Chief of the Division of Neurology and Psychiatry, Uni- 
versity of Tennessee College of Medicine, throughout the course of this 
study. 
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PROPERTIES OF TOMATO PECTASE* 
By CLAUDE H. HILLS ann H. H. MOTTERNt 


(From the Eastern Regional Research Laboratory,t Philadelphia) 


(Received for publication, November 16, 1946) 


Pectase, the enzyme catalyzing the deesterification of pectin, has been 
used as a catalyst in the preparation of low ester pectins (1-3), partially 
deesterified products showing promise of commercial importance. 

The literature on pectase prior to 1936 has been reviewed by Kertesz (4) 
who points out that many of these early studies are of doubtful value 
because the data were based upon gel formation, which is not a true 
measure of the reaction involved. The direct titration of liberated carboxy] 
groups is a valid measure of pectase action and has been used in recent 
studies on pectases derived from tobacco (4), tomatoes (5-8), alfalfa (9), 
and citrus peel (2, 10). These studies provide information regarding the 
general nature of the enzyme and indicate the non-identity of pectases 
derived from different sources. 

The recent reports by Lineweaver and Ballou (9, 11) that pectase 
activity is influenced by cations has both theoretical and practical sig- 
nificance. It explains the earlier observation by Hills eé al. (1) that tomato 
pectase activity was increased by the addition of sodium oxalate. The 
application of these findings to the measurement and utilization of pectase 
is obvious. 

Only a few published studies are available regarding the properties of 
tomato pectase. Kertesz (5) studied the effects of substrate and enzyme 
concentrations on the determination of pectase activity. The optimum 
pH was not determined, but the data indicate that it is 6.2 or above. 
A subsequent study (6) showed that ripe tomatoes contain more pectase 
than immature fruits. Pectinase, the enzyme hydrolyzing the glycosidic 
linkages of the pectin molecule, was detected in ripe tomatoes but not in 
green tomatoes. Studies on the pasteurization of tomato juice (7) showed 
that tomato pectase was completely destroyed by heating to 80° for 45 
seconds or to 70° for 2.5 minutes. The time required for complete in- 
activation was affected by the pH of the mixture, being less for juices 
acidified below the natural pH (about 4.0). 


* Presented before the Division of Biological Chemistry at the 109th meeting of the 
American Chemical Society at Atlantic City, April 8-12, 1946. 

t Present address, H. J. Heinz Company, Pittsburgh. 

t One of the laboratories of the Bureau of Agricultural and Industrial Chemistry , 
Agricultural Research Administration, United States Department of Agriculture. 
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The preparation of tomato pectase was studied by Willaman and Hil 
(8). They observed that the enzyme was adsorbed on the pulp solids 
at the natural pH of the tissue but was desorbed by the addition of alkali. 
Thus above pH 5.0, clear filtrates free of suspended solics and rich in pectage 
were readily prepared. 

Tomato pectase was studied because it is a cheap and convenient catalyst 
for the deesterification of pectin. The present paper presents further 
data on the preparation and properties of tomato pectase. 


Materials and Methods 


Preparation of Pectase—The pectase solution used throughout this 
study was a clear yellow filtrate prepared from firm ripe tomatces by the 
modification previously described (12) of the Willaman and Hills (8) 
method. Briefly, the method consisted in grinding firm ripe tcmatces 
to a pulp, adjusting to pH 7.5 by the addition of 5 N NaOH, and filtering, 
The extract was stored under xylene at 0°. 

Preparation of Pectin—The purified apple pectin used as substrate in 
most of these studies was prepared from dried apple pomace by extraction 
with 14 parts by weight of water at 80° for 70 minutes at pH 2.5, oxalic 
acid being used as the acidulant. The extract was pressed out, treated 
with diastase to remove starch, filtered, and concentrated in vacuo to 
about 2 per cent pectin. The pectin was purified by the following modi- 
fication of the method of Olsen et al. (13). 3 per cent of concentrated 
hydrochloric acid by volume was added to the pectin concentrate; the 
mixture was stirred and allowed to stand for 10 minutes, then precipitated 
by stirring into 2 volumes of 80 per cent alcohol. The precipitate was 
washed on a filter until free of chlorides, pressed, dried overnight at 60°, 
and ground to pass a 60 mesh screen. 4.9 per cent moisture, 0.39 per cent 
ash (moisture-free basis), and 10.24 per cent CH;O (Zeisel), were obtained 
on the alcohol-free sample (12). The pectin was further characterized 
(14) as being 76.4 per cent methyl-esterified and containing 80.7 per cent 
methyl galacturonide. 

Method of Pectase Determination—The method used to measure pectase 
activity was based upon the Kertesz (5) titration technique, in which the 
carboxyl groups liberated by pectase hydrolysis are titrated with standard 
alkali. The original method was modified by the use of a continucus 

electrometric titration at constant pH (1, 3) and by the addition of electro- 
lyte as recommended by Lineweaver and Ballou (9, 11). The optimum 
conditions of pH and electrolyte concentration were determined and used 
in all measurements unless otherwise specified. This method is similar 
to the procedure used by Lineweaver and coworkers (9, 10). 

The standard procedure was to measure into a 600 ml. beaker 200 ml. 








we 
pl 
tif 
til 
st 


CO 





Hills 
lids 
kali, 


tase 


her 


| 




















Cc. H. HILLS AND H. H. MOTTERN 653 


of a 1 per cent solution of purified apple pectin, 12.5 ml. of 2 m sodium 
chloride, 5 ml. of 0.2 m sodium oxalate, and sufficient distilled water to 
give a final volume (after the addition of the enzyme) of 500 ml. The 
substrate thus contained 0.4 per cent pectin, 0.05 m sodium chloride, 
and 0.002 m sodium oxalate. 

The reaction mixture was adjusted to 30° + 0.1° and maintained at 
that temperature in a water bath. It was stirred by a small electrical 
stirrer, and the pH was measured by a Beckman pH meter equipped with 
extension leads. The enzyme solution (usually 5 ml.) was added and the 
mixture, while being stirred, was quickly titrated to pH 7.5 or slightly 
above. The amount of deesterification which occurred during the addition 
of pectase and the neutralization of the reaction mixture was usually less 
than 0.2 ml. of 0.5 Nn NaOH, and therefore could be ignored. 

The pH meter was set at pH 7.50 (corrected for the pH drift caused by 
stirring (12)), and observations of time and alkali consumption were begun 
at the instant the galvanometer needle of the pH meter crossed the zero 
mark on the dial. This provided a very sensitive means for measuring 
the start and the end of the reaction. The pH was maintained constant 
within 0.1 pH unit by the dropwise addition of 0.6 N NaOH. Ordinarily 
the reaction was allowed to proceed until 3 or 4 ml. of 0.5 n NaOH had been 
consumed. By measuring the elapsed time to the closest second and 
applying a temperature correction (0.4 per cent per 0.1° deviation from 
30.0°), the precision of the method, as determined by the average deviation 
of a number of duplicate determinations, was 0.02 ml. 

For measurements made between pH 7.5 and 5.0, the titration values 
were corrected for the incomplete neutralization of the substrate. Below 
pH 5.0, it was necessary to use a method based upon the difference in 
titration (to pH 7.5) of two mixtures, one at constant pH for a given 
time and the other titrated immediately. This required a carefully 
standardized titration procedure, especially with respect to the time 
consumed in the final neutralization. 

Discussion of Method—The choice of a method for enzyme assay and 
of units for expressing activity depends upon an understanding of the 
nature of the reaction involved. Published studies on pectase disagree 
as to whether the enzyme deesterification of pectin is a first order or a 
zero order reaction. Kertesz (4) reported that tobacco pectase followed 
a first order reaction, whereas Lineweaver and Ballou (9) found that the 
reactions catalyzed by alfalfa and pea vine pectases approximated a zero 
order reaction over the initial 50 per cent hydrolysis. More recently 
Speiser et al. (15) studied the kinetics of tomato pectase action on pectin 
but failed to prove whether the deesterification is a zero or first order 
reaction. 
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Fig. 1 shows that the course of tomato pectase deesterification is zero 
order for the initial 40 or 50 per cent hydrolysis but thereafter deviates 
from a zero order reaction. The deesterification does not correspond 
to a first order reaction over any portion of the curve. These conclusions 
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Fic. 1. Typical enzyme deesterification curve 


Tasie [ 
Comparison of Zero and First Order Constants for Pectase Deesterification of 
Pectin (Standard Substrate Plus 5 M1. of Pectase) 
zz aa Oe ~ Firstorder, 
2.303 


Fraction Zero order, K = ; Kustuay py logio — 
per cent 

0-10 0.150 0.0272 
10-20 0.152 0.0317 
20-30 0.150 0.0354 
30-40 0.150 0.0414 
40-50 0.140 0.0458 
50-60 0.129 0.0512 
60-70 0.099 0.0508 
70-80 0.053 0.0377 
80-90 0.021 0.0390 


90-95 0.006 0.0205 


* K is expressed as milliequivalents X min.~. 


were confirmed by calculating the zero and first order constants for 10 

per cent increments of the deesterification (Table 1). From these data 

it is clear that the initial reaction is zero order instead of first order. 
The present procedure, based upon the determination of pectase activity 
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within the region of the zero order reaction, satisfies the test for a valid 
method of measurement (16) in that the rate of activity is proportional 
to enzyme concentration over a wide range of added enzyme, as is shown 
later. 

Pectase activity is expressed as the zero order velocity constant, where 
K is in units of milliequivalents of bonds hydrolyzed per minute. This 
unit is similar to that recommended by Lineweaver and Ballou (9). The 
ratio between the present unit and that proposed by Kertesz (5) is theo- 
rectically 1:930. However, since the Kertesz method does not measure 
pectase activity at the optimum pH or optimum electrolyte concentra- 
tion, the ratio of the activities by the two methods may range from 
1:300 to 1:800, depending upon the ion content of the pectin used as 


substrate. 
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Fig. 2. Desorption of pectase from tomato pulp 


Results 


Desorption of Pectase from Tomato Pulp—The previously reported 
study of the desorption of pectase from tomato pulp by dilute alkali (8) 
has been extended to include the effects of acids and neutral electrolytes. 
Filtrates were prepared from 50 ml. portions of raw tomato pulp adjusted 
to the desired pH by the addition of either concentrated hydrochloric 
acid or 5 N NaOH. At pH 2.0 and below, the pectase activity of the 
filtrates was obtained by measurements made 30 and 60 minutes after 
the addition of acid, with extrapolation to zero time. 

Fig. 2 shows that without added sodium chloride there is a region of 
minimum desorption near pH 4.0 with maxima at pH 2.0 and 7.5. The 
addition of 2 per cent sodium chloride was effective over the entire pH 
range investigated. It was also observed that at pH 6.0 or above the 
presence of 2 to 5 per cent: of added sodium chloride caused a 10-fold 
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increase in the rate of filtration of the pectase extract through medium 
grade filter paper. 

The use of 2 per cent sodium chloride at pH 6.0 or acidification to pH 29 
without added salt would be suitable procedures for the large scale prepara. 
tion of tomato pectase extracts. Extracts prepared at pH 2.0 should be 
adjusted to pH 4.0 prior to storage. 

For the purpose of the present study, desorption at pH 7.5 without added 
salts was used in order to obtain an extract of low ionic concentration, 
The ion concentration of the extract was 0.11 M, determined by conductivity 
and calculated as KCl. 

Stability of Tomato Pectase Extracts—In order to select the optimum 
conditions for storage and to anticipate the rate of deterioration, tomato 
pectase extracts were stored under various conditions of temperature 
and pH. 


Tasie II 
Effect of pH on Stability of Tomato Pectase Extracts Stored at 0° and 23° 





Rate of loss of activity 











pH | = _ cuaniatiie — 

0° 23° 

per cent per mo. per cent per day 
7.5 | 2.6 1.42 
5.0 | 0.55 
4.0 1.0 0.42 
3.0 0.88 
2.0 12.7 20.0 





50 ml. aliquots of tomato pectase extract were adjusted to the desired 
pH and stored at either 0° or at room temperature (23°). A few drops of 
xylene were added as a preservative. Pectase activity was determined at 
the start and at intervals during storage. 

Table II shows the rate of deterioration of extracts stored at various pH 
values. The enzyme appears to be most stable at pH 4.0, the natural pH 
of tomato tissue. The addition of 2 per cent sodium chloride did not affect 
the stability of the enzyme at pH 4.0 and above but had a deleterious 
effect at a lower pH. 

These data indicate that tomato pectase extracts may be stored for 
several days at room temperature or several months at 0° without appre- 
ciable loss. The pectase derived from tomatoes appears to be much more 
stable than that derived from citrus peel (10) or from alfalfa (9). 

Effect of Enzyme Concentration—The activity per ml. of pectase extract, 
with the standard substrate, was observed to be constant over a wide range 
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of enzyme concentration (Table III). It was not possible to make accurate 
measurements with amounts of pectase extract greater than 20 ml. 

The constancy of the pectase activity per ml. of added enzyme is im- 
portant in the determination of pectase activity and appears to hold for all 
concentrations commonly encountered. It also indicates the validity of 


the method used for pectase determinations. 


Tas.eE III 


Effect of Enzyme Concentration on Pectase Activity 




















Tomato pectase added | Activity 
ml m.eq. per ml. per min. 
20.0 0.0285 
10.0 0.0286 
5.0 0.0287 
2.0 0.0286 
0.5 0.0284 
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Fig. 3. Pectase activ itySas*af{function{offsubstrate concentration 


Effect of Substrate Concentration—The dependence of pectase activity on 
pectin concentration was determined by measuring the rate of deesterifica- 
tion of substrates containing amounts of pectin ranging from 0.01 to 3.2 
per cent. In all cases, readings were taken before 40 per cent of the 
available methyl groups had been hydrolyzed. 

The data (Fig. 3) indicate that pectase activity increases with pectin 
concentration, practically attaining a plateau above 1.6 per cent pectin. 
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At 0.4 per cent pectin, the concentration used for pectase assay, the activity 
was 85 per cent of that at 3.2 per cent pectin. 

It was of interest, both from a practical and a theoretical standpoint, to 
determine the concentration of pectin which will give the maximum rate of 
deesterification per unit of enzyme. This was done by applying the 
Lineweaver and Burk (17) form of the Michaelis-Menten (18) equation 


where (S) is the substrate concentration, v the observed velocity at a given 
substrate concentration, V the maximum velocity, and K, the Michaelis- 
Menten constant. By plotting (S)/v against (S), it was possible to de- 
termine V and K, from the slope 1/V and the intercept A,/). 

The maximum velocity was calculated to be 0.0334 (milliequivalent 
per ml. per minute), corresponding to about 3.2 per cent pectin concentra- 
tion. ‘The value for the Michaelis-Menten constant, 0.041 per cent, may 
be compared with the values 0.04 per cent for alfalfa pectase (9) and 0.08 
per cent for citrus peel pectase (10). 

It should be pointed out that the Michaelis-Menten equation applies 
only to the initial 40 per cent of the pectase deesterification curve. Beyond 
this point in the deesterification reaction there was a marked curvature in 
the plot of (S)/v versus (S). This is not entirely unexpected because, as 
the deesterification reaction proceeds, the substrate changes both quanti- 
tatively (with respect to methyl ester content) and qualitatively (with 
respect to magnitude of the negative charge). The Lineweaver-Ballou 
hypothesis (9) concerning the formation of an inactive ionic complex be- 
tween pectinic acid and pectase offers a possible explanation of this 
behavior. 

Effect of Electrolyte Concentration—The recent studies by Lineweaver and 
Ballou (9) and by MacDonnell et al. (10) indicate the dependence of pectase 
action on electrolyte (cation) concentration. The concentration required 
for maximum pectase activity is a function of the pH and of the valency of 
the cation. 

The fact that alfalfa and citrus peel pectases show differences in behavior 
toward cation concentrations indicates that this effect is also a function of 
the source of the enzyme. 

In the present study the effect of sodium chloride concentration on 
tomato pectase activity was determined at pH 7.5, 6.0, 5.0, and 4.0. The 
results (Fig. 4) show that both the optimum salt concentration and the 
maximum activity are affected by pH. The optimum salt concentrations 
at pH 7.5, 6.0, 5.0, and 4.0 were 0.05, 0.08, 0.15, and 0.30 m Na ion, re- 
spectively. These values are nearly identical with those reported for alfalfa 
pectase (9) but are appreciably smaller than those for citrus peel pectase (10). 
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It was impossible to obtain enzyme-substrate mixtures entirely free of 
cations because small amounts were contributed by the alkali used for the 
original neutralization (1.5 milliequivalents), by the ash of the pectin 
substrate (0.5 milliequivalent), and by the pectase solution (0.5 milli- 
equivalent). When dialyzed pectase was used without added electrolyte, 
the activities at pH 7.5 and 6.0 were 0.0054 and 0.00026 milliequivalent per 
ml. per minute, or 18 and 1 per cent of the respective maxima at optimum 
salt concentrations. 

Tomato pectase activities at pH 7.5 in the presence of 0.05 m sodium 
acetate, sodium chloride, or potassium chloride were in the ratio of 
100:97:97, indicating that the anion may have a slight effect and that 
sodium and potassium are equivalent. 
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Fic. 4. Effect of NaCl on pectase activity at various pH levels 


Effect of pH on Pectase Activity—The optimum pH for tomato pectase 
was determined in the presence of 0.05 m sodium chloride. Measurements 
between pH 7.5 and 5.0 were made by direct titration at constant pH, the 
results being corrected for incomplete neutralization of the substrate. Ata 
lower pH, the results were obtained by titrating (to pH 7.5) two mixtures 
that had been allowed to react for different times, as described previously. 
Above pH 7.0, it was necessary to correct for the amount of deesterification 
caused by alkali. In Fig. 5, Curve A-B represents the observed rate of 
deesterification produced by enzyme and alkali together. Curve C shows 
the rate for alkali alone, and Curve A-A’ for the enzyme alone. 

Tomato pectase in the presence of 0.05 m sodium chloride shows a maxi- 
mum activity at pH 7.5 with a fairly broad optimum region extending from 
about pH 6.0 to 9.0. The data presented previously (Fig. 4) show that the 
optimum salt concentration increases at a lower pH. Thus 0.05 m NaCl, 
which is optimum for pH 7.5, is suboptimum for pH 6.0 or 5.0. From a 
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practical point of view it is desirable to show the maximum activity and 
required salt concentration in the range of pH below 7.5. These results, 
plotted in Curve D, Fig. 5, show that at a lower pH a material increase in 
pectase activity may be realized by increasing the salt concentration. 
Temperature Coefficient—The influence of temperature on the rate of 
pectase action was studied under conditions nearly identical with those 
recommended for the large scale preparation of low ester pectins (19), 
Rate measurements were made at pH 6.5 and at temperatures ranging from 
10-65° (Fig.6). Readings were taken over a period of 30 minutes, although 
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Fig. 5. Activity-pH curve for tomato pectase. Curve A-B, observed deesterifica- 
tion; Curve C, deesterification by alkali; A-A’, corrected curve for pectase alone; 
Curve D, activity, pH 4.0 to 7.5, with optimum NaCl concentration for each pH. 

Fia. 6. Effect of temperature on rate of pectase action at pH 6.5. Substrate, 0.8 
per cent pectin, 0.05 n NaCl, 0.002 N Na oxalate. 2.0 ml. of tomato pectase extract 
used. 


in some instances the reaction was allowed to continue for 1 hour. In all 
‘ases, the readings were confined to the initial 40 per cent portion of the 
deesterification reaction. Thus any deviation from linearity in these data 
is an indication of enzyme denaturation. 

The “optimum temperature” for pectase action decreased with time, 
because at increased temperatures denaturation of the enzyme became an 
important factor. For a 2 minute reaction time the optimum temperature 
was 65°, for a 30 minute reaction it was 55° and for 1 hour (data not 
shown) it was 50°. 
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The linearity of the curves for 10°, 20°, 30°, and 40° indicates that de- 
naturation of the enzyme was negligible under these conditions. 

The increase in rate of an enzyme reaction with increase in temperature 
may be conveniently expressed as the Qj value, the ratio of Ky. /Ke. 
The Qj values for tomato pectase shown in Table IV are much lower than 
the range of 2 to 3 predicted by the van’t Hoff rule for catalyzed reactions 
in aqueous solution, and lower than is generally observed for other 
enzymes (20). 


TaBLe IV 
Temperature Coefficient of Tomato Pectase Deesterification of Pectin 
0.8 per cent pectin substrate, 0.05 m NaCl, 0.002 m Na oxalate, pH 6.5. 
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Fic. 7. Inactivation of pectase by heat 


A value of 7280 calories for the activation energy was determined from 
the slope of 1/T versus log K (zero order). Initial reaction velocities were 
used in the calculations and the data were confined to the temperature 
range of 10-40° at which heat inactivation of the enzyme is not apparent. 
This is higher than the value 5790 calories previously reported by Speiser 
et al. (15), who used slightly different experimental conditions and based 
their results on the analysis of the isolated reaction product. A value of 
6000 calories has been reported for citrus pectase (2). 

Heat Inactivation—Fig. 7 shows the loss in activity caused by heating a 





662 TOMATO PECTASE 


tomato pectase solution for 30 minutes at pH 6.5. The temperature (62°) 
required for 50 per cent inactivation is about 12° higher than that required 
for citrus peel pectase (10). This agrees with the general observation that 
tomato pectase is more stable in aqueous solution than is alfalfa or citrus 
peel pectase. 

DISCUSSION 

The differences in properties between tomato pectase and other plant 
pectases, while chiefly quantitative, are distinct enough to indicate the 
non-identity of pectases from different sources. The optimum pH and salt 
concentration for tomato pectase are pH 7.5 and 0.05 Mm NaCl. These 
values may be compared with pH 7.5 and 0.15 m NaCl for orange peel 
pectase (10) and pH 6.5 (salt concentration not determined) for tobacco 
pectase (4). Alfalfa pectase (10) is unique in that it shows maximum ae- 
tivity over the entire range from pH 5.6 (0.15 mM NaCl) to pH 8.0 (0.02 
NaCl). Tomato pectase extracts are much more stable at 0° or room 
temperature than are extracts derived from alfalfa or citrus peel. Tomato 
and citrus pectases show differences in the effects of pH and salts on sta- 
bility. The temperature required for heat inactivation of tomato pectase 
is about 12° higher than for citrus peel pectase. 

On a fresh weight basis, the pectase activity of ripe tomatces is about the 
same as that of fresh citrus peel and about 5 times that of fresh alfalfa (10). 
Crude pectase extracts prepared from tomatoes are about as active as the 
whole tissue. The efficient extraction of the enzyme from citrus peel or 
alfalfa requires the addition of several volumes of solvent, and the resulting 
extracts would be much less active than tomato extracts. Crude tomato 
pectase extracts may be prepared without added solvent and are sufficiently 
stable to permit their storage without further purification. 

The present study indicates various means for improving the efficiency 
of pectase action. The activity per unit volume of pectase may be in- 
creased by deesterifying at a pH near 7.5 and adding the optimum quantity 
of electrolyte. The fact that pectase activity increases with increased 
substrate concentration may be applied to commercial practice by con- 
centrating the pectin extract before deesterification. The use of increased 
temperatures is an obvious method of increasing the efficiency of pectase 
action. For most purposes, however, this method encounters the limita- 
tions imposed by the susceptibility of the pectin substrate to heat degrada- 
tion (19). A fuller discussion of the utilization of tomato pectase for the 
large scale preparation of low ester pectins is presented in a separate 
publication (19). 


SUMMARY 


1. The deesterification of pectin by tomato pectase follows a zero order 
(for the initial 40 per cent) rather than a first order reaction. This fact 
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was utilized in determining reaction rates and in choosing units for ex- 
pressing activity. 

2. Tomato pectase was prepared from tomato pulp by alkaline desorp- 
tion. The desorption may be accomplished also by acid or neutral elec- 
trolytes. 

3. The relation of enzyme activity to substrate concentration conforms 
to the Michaelis-Menten theory. The K, value of 0.046 per cent is com- 
parable to that found for alfalfa pectase but differs from that for citrus 
pectase. 

4. Tomato pectase has a broad optimum pH region, with a maximum 
at 7.5. 

5. The addition of salts is necessary for maximum activity. The opti- 
mum salt concentration at pH 7.5 is 0.05 m NaCl but is greater at lower 
pH values. 

6. The enzyme was most stable in aqueous solution at pH 4.0. At this 
pH and 0° it deteriorated about 1 per cent per month. A temperature of 
70° was required for complete inactivation in 30 minutes at pH 6.5. 

7. The temperature coefficient (Qi) was 1.52 for the region of 20-30°. 
The Arrhenius energy of activation in the region from 10—40° was 7280 
calories. Above 40° inactivation of the enzyme became apparent. 
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The recent brief summary (1) of the results obtained by the large group 
of British and American chemists made known to the general scientific 
public for the first time that a number of antibiotics of the penicillin class 
had been isolated. At least four are known to be commonly produced by 
various strains of Penicillium. These in the past have been called peni- 
cillins G, F, X, and K by the American workers. All have the same struc- 
ture with the exception of a side chain, which difference is indicated in the 
new nomenclature for penicillins... The above penicillins are designated 
respectively benzylpenicillin, A?-pentenylpenicillin, p-hydroxybenzylpeni- 
cillin, and n-heptylpenicillin. 

That the individual penicillins exhibit different antibiotic potencies and 
pharmacological properties has now been amply shown by the thorough 
studies of Eagle and Musselman (3), of Cogbill, Osterberg, and Hazel (4), 
and others (5). The necessity of using pure preparations of individual 
compounds for any fundamental clinical or pharmacological study poses a 
problem of fundamental nature for the chemist, that is not only to obtain 
the pure single antibiotic in sufficient quantity but also to supply convine- 
ing evidence that only a single species, or at least a single species in high 
percentage, is present in the sample to be studied. 

For the particular case of the penicillins this is an especially difficult 
problem in view of the following properties. The penicillins are unstable 
acids which are difficult to study as such and to characterize by the usual 
determinations of melting point, rotation, refractive index, ete. Ultimate 
analysis is not alone sufficient to demonstrate homogeneity or the presence 
of a single species only. Crystalline derivatives which retain their bio- 
logical activity appear to be restricted to salts of the acids with either 
inorganic or organic bases. These salts do not possess melting points suit- 
able for precise characterization. 

‘The nomenclature used for the penicillins in this article conforms with that 
proposed by the Editorial Committee of the forthcoming monograph on the chemistry 
of penicillin (see (2)). 

665 





is 





666 CHARACTERIZATION OF PENICILLINS 


From this array of unfavorable properties it is indeed apparent that the 
conventional methods of organic chemistry are scarcely adequate. Some 
new approach would thus be highly desirable. 

The use of partition coefficients for such problems is an old procedure, 
though in the past methods for employing these perfectly reliable physica] 
constants have been so lacking in precision and convenience that they have 
not found the wide usage in organic chemistry which they properly deserve, 
With respect to the penicillin field this approach has already been suggested 
by the published work of Bush, Goth, and Dickison (6) and in the un- 
published work of groups in the United States and England on the use of 
the partition chromatogram of the Martin and Synge (7) type. 

The procedure of counter-current distribution (8, 9) represents an at- 
tempt to make the partition coefficient a more usable physical constant in 
organic chemistry. It is based on a certain systematization of multiple 
extractions or transfers so that the mathematics of the binomial expansion 
may be directly applied in the interpretation of the results. It has been 
applied with success to homogeneity studies in the field of the synthetic 
antimalarials (9) and in the isolation of active principles from Aspergillus 
usius (10), as well as in a considerable amount of unpublished work. It 
was also used in the isolation of synthetic benzylpenicillin by du Vigneaud, 
Carpenter, Holley, Livermore, and Rachele (2). A logical further step 
from the standpoint both of the development of the method and of peni- 
cillin chemistry is to attempt the application of the method to this inter- 
esting and important class of natural products. The present paper will 
record a number of our preliminary experiments with the penicillins. 

Though it is entirely feasible by the procedures to be discussed to isolate 
pure crystalline individuals directly from the culture medium or from com- 
mercial samples of penicillin now on the market, this effort has been made 
largely unnecessary by the kind cooperation of a number of industrial pro- 
ducers? who have supplied us with crystalline preparations of the sodium 
salts of the four above-mentioned types of penicillins. This has greatly 
facilitated our study and our thanks are herewith given for their generosity. 

4. As discussed in previous publications (9, 10), the most promising system, 
e.g. the combination of immiscible solvents, for the study of acids and bases 
is usually one in which a buffered aqueous solution is one of the two phases. 
Ethyl ether and 2 m phosphate buffer occurred to us at once as a promising 
combination. Thus far this combination has proved the best from the 


2 We have been supplied with crystalline penicillins by Dr. Wintersteiner of The 
Squibb Institute for Medical Research, by Dr. Barnes of the American Cyanamid 
Company, by Dr. Brown of Chas. Pfizer and Company, by Dr. Behrens of the Eli 
Lilly and Company, by Dr. Coghill of the Abbott Laboratories, by Dr. Markunas of 
the Commercial Solvents Corporation, and by Dr. Cartland of The Upjohn Company 
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analytical standpoint for the examination of benzylpenicillin and of A*- 
pentenylpenicillin. For the examination of p-hydroxybenzylpenicillin, 
ether-3 M phosphate has been the best, and for the examination of n-hepty]l- 
penicillin, ether-1 M phosphate has been the system of choice. Other sol- 
vents such as chloroform and ethyl acetate have been used with partial 
suecess. Though ethyl acetate has admirable solvent properties, it has 
thus far with each of the four different penicillins always led to a certain 
percentage of inactivation. 

In a previous publication (9) the desirability of working with a partition 
coefficient of about 1 for the characterization of a particular substance has 
been shown. ‘The further desirability of choosing a buffer system and an 
organic solvent which would give the greatest shift of partition coefficient 
with the shift of pH also was shown. A preliminary study of these factors 
with a crystalline preparation of the sodium salt of benzylpenicillin showed 
that with ethyl ether and 2 m phosphate the partition coefficients were 
those shown in Fig. 1. The pH given is that recorded directly by use of 
the glass electrode at 25° and is relative only, rather than absolute, because 
of the high salt concentration. The partition coefficients were determined 
at 5° in a constant temperature room. The values given do not represent 
the highest precision but are sufficient for the purpose at hand, at least 
until the homogeneity of the preparation has been demonstrated. The 
concentration in each Jayer was determined spectrophotometrically by use 
of the Beckman quartz spectrophotometer. 

Plotted in Fig. 1 are the values found in isopropyl ether-buffer for plas- 
mochin, one of the synthetic antimalarial bases previously studied. It can 
be seen that the slope of the line is much greater for plasmochin, and there- 
fore the specificity of the constant is greater. Ethyl acetate or chloroform 
with benzylpenicillin, Fig. 1, did not offer improvement. The prediction 
might be made from these data that difficulty would be experienced in 
attempting to spread the partition coefficients of two penicillins whose 
partition coefficients chanced to lie close together, by changing the solvents 
or conditions. In order to compensate for such an unfavorable property 
it is obvious that higher numbers of transfers would be required for a desired 
separation. Therefore, thus far those systems have been most studied 
which are the best suited for the greatest precision in the technical execu- 
tion of the method. Ethyl ether is admirable from this standpoint. 

In general use of the method of counter-current distribution it is desir- 
able to be able to adjust the value of the partition coefficient at will. It 
is apparent from Fig. 1 that the buffered system will permit this in the case 
of the penicillins. At the same time conditions of relative stability for the 
penicillins may be obtained if the whole operation is performed in a con- 
stant temperature cold room at about 3-5°. 
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Fig. 1. Shift of partition coefficient with pH; O = benzylpenicillin in ether-2 x 
PO, buffer; 0 = benzylpenicillin in ethyl acetate-2 m PO, buffer; A = benzylpenicil- 
lin in 2 m PO, buffer-chloroform (1/logarithm of K is plotted); X = plasmochin in 
isopropyl! ether-2 u PO, buffer (1/logarithm of K is plotted). 
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Fic. 2. Distribution pattern of crystalline benzylpenicillin; © = optical density 
at 260 my; 0 = optical density at 320 mu; @ = weight in mg.; X = calculated curve. 


Fig. 2 shows one of the earlier runs with a crystalline preparation of 
benzylpenicillin. It shows the maximum biological activity when com- 
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pared with the international standard and agrees in all other recorded 
properties. 

The distribution was carried out as follows. 2 m buffer was prepared 
which contained 248 gm. of NaH2PO,y-H,O (Merck) and 34.8 gm. of 
K:HPO, (Merck) in a liter of solution. This buffer thus far has not caused 
trouble by crystallization in the cold room at 4°. It has shown repeatedly 
a pH of 4.8 when directly measured against the glass electrode at 25°. 

250 ec. of buffer and 250 cc. of commercial absolute ethyl ether, previ- 
ously redistilled, were shaken at 4° in a separatory funnel. The lower 
portion of each of the tubes of the apparatus was then filled with the buffer 
layer, 8 cc. with the present machine (9), and then an equal volume of the 
ether layer was added to each tube. 

100 mg. of the penicillin were placed in a ground glass-stoppered tube of 
the same inside diameter and length as the tube of the machine. 8 cc. of 
the buffer layer were then added, and after solution 8 cc. of the ether layer 
were added. Equilibration was then accomplished as in the machine by 
inverting the glass tube and turning it back again to the original position 
50 times. The degree of emulsification and the time for complete separa- 
tion of the layers were noted. In the present case approximately 1 minute 
and 30 seconds were required for separation of the layers. 

The contents of Tube 0 of the machine were then withdrawn and replaced 
by the contents of the glass tube. The layers were allowed to separate and 
then the upper part of the machine was rotated one stage so that the upper 
layer of Tube 0 was over the lower layer of Tube 1. The machine was 
equilibrated by inversion 50 times, the speed of inversion being controlled 
by observing the glass dummy attached to the outside, which was also 
filled with the same two layers. The layers were allowed to separate dur- 
ing a time lapse of 3 minutes before advancing to the next stage. When the 
upper layer of Tube 0 had advanced until it was over the lower layer of 
Tube 24, the contents of each tube were withdrawn into small separatory 
funnels numbered 0 to 24. 

The optical density of each of the upper layers was then determined in 
the Beckman quartz spectrograph at 260 and at 320 mg. This was done 
without dilution, and starting with Tube 0. After measurement, the con- 
tents of the cuvette were placed again in the separatory funnel by means 
of a pipette and the cuvette filled with the next layer, without rinsing. 

After the first series of measurements | cc. of 8 m phosphoric acid was 
added to each of the separatory funnels and the funnel quickly shaken in 
order to transfer all the penicillin into the ether layer. Preliminary experi- 
ments had shown that this resulted in practically quantitative transference 
of the penicillin in the buffer layer to the ether layer. The optical density 
of each of the upper layers was again determined. From these two meas- 
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urements in each tube the partition coefficients can be calculated. In Fig. 
2 the optical density of each tube is plotted against the consecutive number 
of the tube. 

The upper layer of each of the separatory funnels was then placed in g 
test-tube closed by a cork stopper covered with paper and stored overnight 
in a large thermos jar containing dry ice. Under these conditions nearly 
all the water is frozen out of the ether and with it any small amount of 
clinging buffer. No attempt was made to exclude CO, from the tubes, and 
its presence has thus far not appeared to interfere. 

When the crystals of ice were found to be attached to the sides of the 
tube, it was quickly withdrawn from the jar and decanted into another 
fresh tube. If this did not give a clear cut separation, the ice was removed 
by use of an inverted filter. In the latter case the filter plug was a wad of 
cotton. Since the ice crystals were not routinely washed with fresh ether, 
there was a resultant loss of about 0.2 cc. of ether solution in each tube, 
This did not affect the quantitative interpretation, since the same volume 
was lost in each tube. Furthermore, there did not appear to be sufficient 
loss of the penicillin, other than that in the residual 0.2 cc. of ether, to cause 
an error in the quantitative determination. If the analysis were made 
with significantly larger amounts of penicillin, however, it is possible that 
appreciable losses would occur as a result of separation of the penicillin on 
the ice crystals. 

The clear ether solution of every other tube (Tubes 0, 2, 4, etc.), starting 
with Tube 0, was then evaporated to dryness in a weighed Erlenmeyer 
flask, and the residue was dried at room temperature over calcium chloride 
at 0.2 mm. pressure. The weights of the penicillin in the tubes are shown 
in Fig. 2. 

Although the residues in the tubes of the main band showed practically 
the theoretical biological activity against Bacillus subtilis when compared 
to the crystalline starting material, they were not completely soluble in 
ether, and it is likely that there was a small percentage of inactivation dur- 
ing the evaporation. However, when the small amount of insoluble amor- 
phous material was removed by filtration, the crystalline triethylammonium 
salt of benzylpenicillin® could be prepared in nearly quantitative yield from 
the ether filtrate. 

The triethylammonium salt could be more readily prepared directly 
from the dry ether layers of each tube. Addition of an excess of triethyl- 
amine either directly or in ether solution was followed by turbidity and 
almost immediately by quantitative crystallization in very fine needles. 

* The use of triethylamine to prepare a crystalline salt of natural benzylpenicillin 


was first described by the investigators of the Heyden Chemical Corporation, May 
22, 1944 (see (2)). 
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The crystals were collected in a centrifuge filter (11) and immediately dried 
under a vacuum at room temperature. The melting point of the crystals 
wae not sharp, depended considerably on the rate of heating, and was found 
to he approximately 135-145° with previous sintering when determined on 
the micro hot stage melting point apparatus. The crystals showed full 
antibiotic activity against Bacillus subtilis. Material from Tubes 5 and 15 
showed a slightly lower melting point, as well as activity, than those from 
Tube 10, but the difference did not appear to be large enough to be of much 
significance. 

The curve of absorption at 320 my showed the presence of a small amount 
of another compound superimposed over the pattern of a penicillin. How- 
ever, from a percentage standpoint the significant curve is always the 
weight curve, and this showed little weight to be present at certain tubes 
having the highest absorption at 320 my. The material responsible for 
this absorption probably did not represent more than a per cent or 2 of the 
total weight in the preparation. 

From the standpoint of the investigation of homogeneity the significant 
feature of a determined curve is the closeness of its fit with a theoretical 
distribution (12) as well as the determination of partition coefficient of the 
material in each tube. When an attempt was made to fit a theoretical 
curve to the experimental absorption curve at 260 my the discrepancy shown 
in Fig. 2 was obtained. Further, the partition coefficients appeared to be- 
come consistently larger from left to right of the band. Had the attempt 
to fit a theoretical curve to the weight curve been made, a somewhat closer 
fit would have resulted. This will be shown in the next experiment. It 
would appear probable from Fig. 2 that the most accurate fitting of theo- 
retical distributions as well as determination of partition coefficients cannot 
be done by means of absorption measurements in the demonstrated presence 
of asmall percentage of a component absorbing more strongly at 320 my. 
However, the experiment as performed would appear sufficient only to 
demonstrate several per cent of inhomogeneity. 

If the convenient use of ultraviolet absorption spectrum measurement 
cannot be regarded as reliable even for those penicillins which have a charac- 
teristic type of absorption, then the analysis must depend almost entirely 
on weight. In any case, weight represents the most fundamental and re- 
liable method of determining the amount of material in a given solution. 
Experiments were, therefore, carried out to determine the precision with 
which penicillins could be determined by evaporation in ether solution and 
determination of the weight of the residue. For this purpose a series of 
Florence flasks were blown from soft glass vials. These flasks held a 
volume of approximately 12 cc. and weighed approximately 3 gm. each. 
The flasks were routinely weighed on a semimicro balance. They could be 
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rapidly weighed to +0.02 mg. when counterbalanced with an empty flask 
of the same series to correct for any change in humidity. 

Experiment showed that redistilled ether shaken at 5° with either 2 y 
buffer at pH! of 4.80 or buffer acidified with 1 cc. of 8 m phosphoric acid 
showed no weighable residue when a 2 cc. volume was evaporated.‘ Experi- 
ence also showed that in these flasks of very thin clear walls a residye 
greater than 0.02 mg. could be seen with the naked eye when the flasks 
were held against the light. 

With the use of this technique a distribution was made on a different 
sample of several times recrystallized benzylpenicillin. The result is shown 
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Fic. 3. Distribution pattern of four times recrystallized benzylpenicillin; O = 
experimental weight curve; @ = calculated curve. 
Fic. 4. Distribution pattern of A*-pentenylpenicillin; O = experimental weight 
curve; X = calculated curve 


in Fig. 3. In this experiment the buffer of Tube 0 was adjusted to account 
for the sodium of the penicillin (1.6 ce. of 2m NaHePO, and 6.4 ce. of the 
equilibrated buffer of pH 4.80). After the customary twenty-four trans- 
fers a final equilibration was made, and the material was withdrawn from 
the machine. The upper layers were separated from the lower and re- 
placed by 8 ce. of fresh ether in each separatory funnel. 1 cc. of 8 M 
phosphoric acid was added and, after having been shaken, the ether layers 
were separated and labeled as the lower layers. A 2.00 ce. aliquot from 


* It_is thus evident that for analytical purposes only the step of freezing in dry ice 
is not_necessary. 
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each of the layers of the tubes investigated was withdrawn and all evapo- 
rated at once under reduced pressure. From the weights obtained partition 
coefficients as well as total weights could be calculated. The results are 
shown in Fig. 3. 

Tubes 0 to 3 contained an impurity which represented about 2 per cent 
of the starting material. This impurity showed a low antibiotic activity 
of about 250 units per mg. and probably contained a p-hydroxybenzy] type 
of penicillin. When an attempt was made to fit a theoretical curve on the 
main band, very good agreement was obtained until about Tube 13 was 
reached, but from this point on a small divergence was apparent. That 
this divergence was real was shown by the fact that the partition coefficients 
from Tubes 6 to 13 all agreed, but increased with Tubes 14 and 15. 

A sample of the crystalline sodium salt of A?-pentenylpenicillin was dis- 
tributed in exactly the same system as was benzylpenicillin. Twenty-four 
transfers were applied (Fig. 4). The material occurring in Tubes 0 to 4 
inclusive comprised about 6 per cent by weight of the total and showed no 
antibiotic activity. With the main band a small divergence from a theo- 
retical distribution was apparent. This divergence occurred on the left 
side of the diagram, contrary to the experience with all the crystalline 
preparations of benzylpenicillin thus far examined. Comparison of the two 
distributions raises the suggestion that perhaps the crystalline benzylpeni- 
cillin preparations were contaminated with a few per cent of the A?-pen- 
tenylpenicillin species, whereas the preparation of A*-pentenylpenicillin con- 
tained a few per cent of the benzylpenicillin type. This could be perfectly 
possible without the fact being revealed by carbon and hydrogen analysis. 

When the tubes from the peak of the band were treated with excess tri- 
ethylamine and evaporated to dryness, a residue was obtained which, when 
moistened with acetone, and ether cautiously added, crystallized readily. 
The crystals were very well formed, stout, glistening columns which, how- 
ever, did not show a sharp melting point. The substance melted in the 
range of 90-110°. The analytical data did not agree well with the calcu- 
lated values, and perhaps a hydrate is indicated. 

Calculation of the partition coefficient from the position of the maximum 
(8) gives the figure of 1.18 for A?-pentenylpenicillin at 5° and in the system 
used. This is slightly higher than the partition coefficient 1.10 determined 
on the starting material. The discrepancy could easily be due to the 6 per 
cent, of inactive material present in the original sample. The calculated 
value for benzylpenicillin (from the position of the maximum, Fig. 3) is 
0.75. The ratio of the two partition coefficients, 1.57, gives a ready index 
of the difficulty of separating the two penicillins in the ether-phosphate 
system. Had the slope of the curve for benzylpenicillin in Fig. 1 been of 
the same order as that for plasmochin, then the separation of bands for 
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such closely related penicillins as benzylpenicillin and A*-pentenylpenicillin 
probably could be achieved with fewer transfers. Although it would be 
highly desirable to find a system which would give a higher ratio, a number 
of experiments along this line have thus far been unsuccessful. Several] 
other systems have instead brought the constants closer together; in the 
case of ethyl acetate for the organic solvent a slightly higher coefficient for 
benzylpenicillin than for A?-pentenylpenicillin was even obtained. Further 
experiments will be made along this line when more A?-pentenylpenicillin 
becomes available. 
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A sample of the crystalline sodium salt of p-hydroxybenzylpenicillin was 
studied. Preliminary investigation of the partition coefficient of this peni- 
cillin in the system used for the runs thus far shown revealed a value in the 
neighborhood of 0.1. Since this figure is not the optimum constant for 
obtaining the maximum information concerning homogeneity in the small- 
est number of transfers, a more concentrated buffer was used to raise the 
value of the constant. 

3 m buffer was prepared which contained 372 gm. of NaH,PO,-H,0 and 
52.2 gm. of KzHPO, in a liter of solution. This buffer has not thus far given 
trouble by crystallization during a run at 5°. 
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A routine twenty-four transfer distribution with 100 mg. of material gave 
the curve shown in Fig. 5. In this distribution the weight of material in 
each tube was determined by evaporating a 2 cc. aliquot, and the curve 
was also determined by measuring the extinction at 280 my. Aside from a 
few per cent of extraneous material occurring in Tubes 16 to 24, a slight 
divergence from the theoretical distribution occurred at Tube 6. The en- 
tire extinction curve, however, was somewhat displaced toward the left. 
Such a distortion could be caused by a small amount of impurity occurring 
in a band with maximum at 6 and having a higher extinction coefficient 
than p-hydroxybenzylpenicillin at 280 mu. 

The remainder of the material in the ether of Tubes 8 to 12 inclusive 
was treated with triethylamine. An amorphous precipitate was formed 
immediately. The solvent was quickly evaporated in vacuo from the pre- 
cipitate, and the residue was taken up in a small volume of acetone. Cau- 
tious addition of a little ether and scratching induced crystallization. After 
the mixture had cooled overnight, the thin leaves were collected by means 
of a centrifuge filter. This vielded 41.7 mg. of material with the melting 
point of 126-136". 

Cx2H3;0;N;8. Calculated, C 58.51, H 7.88; found, C 58.21, H 7.21 


Asample of the crystalline sodium salt of n-heptylpenicillin (penicillin K) 
was studied. Neither of the buffers used for the other penicillins was 
suited for the most precise characterization or investigation of homogeneity 
of this penicillin, since both gave partition coefficients in too high arange. 
1 m buffer at pH 5.50 was found to be suitable. This buffer was prepared 
to contain 110 gm. of NaH.PO,-H2O and 34.8 gm. of Kel PO, in a liter of 
solution. 

A routine twenty-four transfer distribution with 100 mg. of the material 
gave the curve shown in Fig. 6. The first transfer gave an emulsion which 
did not separate well, and the layers were separated by centrifuging the 
glass tube. Four transfers were done in individual glass tubes, and at this 
point the layers separated satisfactorily. All were transferred to the ma- 
chine after the pure solvent in the corresponding tubes had been withdrawn, 
and the distribution was continued in the machine. A lapse of 5 minutes 
time was allowed for separation of the layers. The amount present in a 
given tube was determined by evaporation to dryness after freezing out the 
water in dry ice. 

Tubes 13 and 15 were treated with excess triethylamine. No precipitate 
occurred. On standing and scratching, crystals gradually formed, and an 
almost quantitative yield of well formed rods were obtained. This material 
appeared to give the best melting point of a triethylammonium salt of any 
penicillin thus far studied. It melted at 110-113°, the values depending 
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somewhat on the rate of heating. It was dried for analysis at room tem. 
perature at 0.2 mm. pressure. 


CyH yO .N;8. Calculated, C 59.55, H 9.33; found, C 59.83, H 9.10 


From the curve it is obvious that the original sample was not homo. 
geneous, and it is difficult to estimate exactly the percentage of the single 
major constituent. The materials occurring both to the right and to the 
left of the central band were all active as antibiotics and probably repre- 
sented substances as yet not characterized. However, the partition eo- 
efficient calculated from the maximum point of the distribution probably 
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Fic. 7. Distribution pattern of mixture of four different penicillins; O = weight 
in mg. of triethylamine salt; @ = optical density at 260 my; solid line represents 
calculated curves; the dash line the calculated curve for one substance K = 0.9. 


is fairly reliable for use in characterizing the so called n-heptylpenicillin. 
It would appear to be 1.4 for the system and temperature used in the run. 

A fair idea has now been obtained of the way these individual penicillins 
behave in the systems described, even though the samples used have been 
somewhat short of 100 per cent homogeneous. Whether or not their pres- 
ence together in the same sample in substantial quantities would affect the 
relative positions of the bands is a question which is all-important if the 
method is to be used in characterizing penicillins. ‘To answer this question 
a distribution was made in which 50 mg. of each of the four above crystalline 
sodium salts were added to Tube 0 at the start of the run. The result of 
this distribution is shown in Fig. 7. 
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The procedure used in this distribution was somewhat different from that 


| used in the previous ones. It will be described in full, since it involves a 
method of manipulation of the machine which has not as yet been described 
in previous publications. In this run the machine was filled and twenty- 

mo- four transfers applied as in the previous runs. At this point the upper 

gle layer of Tube 0 was over the lower layer of Tube 24 and will be called Tube 


the 0/24. The next tube in the clockwise direction was numbered 24/0. The 
lower layer of this tube contained the same buffer in which all the material 
co | was placed at the start of the distribution. The total material (both layers) 
bly in Tube 24/0 was withdrawn and numbered 0. It contained the material 
. shown in Tube 0 of Fig. 7 and has had twenty-four transfers applied to it. 
| Fresh equilibrated layers were then added to the empty tube of the machine 
and after equilibration an additional transfer was made. At this point the 
| total material in Tube 0/0 of the machine was withdrawn and set aside. 
It contained the material which favored most the upper layer or had the 
highest partition coefficient. The previous tube withdrawn contained ma- 
terial with the lowest partition coefficient. The material now withdrawn 
had had twenty-five transfers applied to it and for purposes of plotting will 

be called Tube 38 in Fig. 7. 
Fresh layers were then added to the empty tube of the machine, and 
| another transfer applied. The contents of Tube 0/1 of the machine were 
withdrawn. This material corresponded to Tube 1 of Fig. 7 and had 
twenty-six transfers applied to it. The empty tube of the machine was 
refilled and another transfer applied. The contents of Tube 1/1 of the 
machine were then withdrawn and labeled 37 for Fig. 7. This material 
has had twenty-seven transfers applied to it. On the next withdrawal, 
Tube 1/2 gave Tube 2 of Fig. 7, while the next after that, Tube 2/2, of the 





ore- 


machine, gave 36 of Fig. 7. This process could of course be continued 

indefinitely until all the solute in the machine had been withdrawn, but was 
at | here continued only until the material remaining in the machine had had a 
is total of thirty-eight transfers applied to it. The procedure just described 
2 will in the future be called the procedure of “alternate withdrawal,” and 
would appear to have considerable significance for the investigation of com- 
. plicated mixtures. 
s | At the end of the process described, the material remaining in the machine 
n | was withdrawn and numbered Tubes 7 to 31 consecutively, as shown in 
- Fig. 7, Tube 6/7 corresponding to Tube 7 of the pattern. All of these 
, tubes had had thirty-eight transfers applied, and a theoretical curve for 
p matching could be fitted to this portion, just as in the routine runs used 
1 previously. Tubes 0 to 6 (material with the low partition coefficient, like 
> the p-hydroxybenzylpenicillin) have had progressively twenty-four, twenty- 
[ six, twenty-eight to thirty-six transfers applied, and we do not at the present 


time have adequate mathematics developed for rapidly obtaining the theo- 
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retical weight which should be in each tube. It will be noted that a break 
occurs in the curve of Fig. 7 between Tubes 6 and 7 to show the change of 
procedure. Similarly the material in Tube 38 in reverse order to Tube 32 
has had twenty-five, twenty-seven to thirty-seven transfers applied and 
contains almost all of the material of high partition coefficient, the n-heptyl. 
penicillin. 

Tube 37 readily gave the triethylammonium salt of n-heptylpenicillin, 
as shown by analysis, crystalline form, ete. ‘Tube 1 gave the characteristic 
triethylammonium salt of p-hydroxybenzylpenicillin. 

After withdrawal from the machine, addition of phosphoric acid, sepa- 
ration of the ether layers, and freezing in the dry ice jar, excess triethyl- 
amine was added to each of the tubes and the weight determined by 
evaporation to dryness. Evaporation to dryness of a triethylammonium 
salt in this manner appeared to give little if any loss of biological activity, 
and the various types could readily be crystallized from the residue. 

The central broad band of Tubes 9 to 29 was not so clear cut at first 
glance. An attempt to fit a theoretical curve for a single substance resulted 
in the dotted curve shown, which is much too narrow. The next assumption 
from the symmetry of the broad experimental band is that it is composed 
of two substances in nearly equal amount. For such a case matching the 
experimental curve requires that a theoretical curve for each component 
must be found whose sum will fit the experimentally found curve. If the 
two are equal, it follows that the curves for the two components must inter- 
sect at a point midway to the maximum in Tube 18. The position of the 
maximum for each curve would then occur approximately at a point on the 
abscissa half way between this intersection and the point of the experi- 
mental curve at the same height (5.1 on the ordinate). This would approxi- 
mate 15.5 for Component A and 20.5 for Component B. These data are 
sufficient for two theoretical curves to be calculated from the mathematics 
of the binomial expansion (12). Only slight adjustment of the two caleu- 
lated curves places them so that their sum gives the theoretical curve to be 
matched with the experimental. 

That this analysis of the composition of the band is not far from the 
correct one was demonstrated experimentally by the fact that the crystal- 
line residue (the triethylammonium salt) from Tubes 11 to 14 agreed well 
in properties and in analysis for benzylpenicillin. The residue from Tubes 
23 to 26 did not crystallize directly, in agreement with the previous experi- 
ence with pure A?-pentenylpenicillin. However, these residues did erystal- 
lize under the same conditions which induced pure A*-pentenylpenicillin to 
crystallize and when seeded with that salt. Though the intermediate tubes 
crystallized directly, the melting points suggested mixed crystals even 
though the crystalline form appeared identical with pure benzylpenicillin. 
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Naturally a much better separation could have been achieved by application 


of more transfers, though for this it would be advisable to use more material 
at the start. 

The mathematical analysis was further supported by the curve showing 
optical density at 260 mz. The extinction coefficient of benzylpenicillin at 
960 mu is not a strong one, and the band plotted would appear to be slightly 
displaced toward the side of the A?-pentenylpenicillin, due to overlapping 
by the absorption of the latter penicillin which shows an extinction one- 
third that of benzylpenicillin at 260 my. This illustrates a serious limitation 
of the use of absorption spectrum as an analytical method. 

That a reasonably accurate estimation of the relative amounts of benzyl- 
and A?-pentenylpenicillin can be derived in such closely associated bands 
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Fig. 8. Calculated distribution pattern for hypothetical mixture; dash line = 
40:60 per cent mixture; solid line = 50:50 per cent mixture. 


can be seen from Fig. 8. This chart shows the type of calculated curve to 
be expected from the sum of two curves of benzyl- and A?-pentenylpenicillin 
when present in the hypothetical proportion of 40 and 60 per cent respec- 
tively. 

Calculation of the partition coefficient from the maximum of 15.6 gives 
a figure of 0.7, while that of 20.4 gives the figure 1.16. The determined 
partition coefficients for benzyl- and A*-pentenylpenicillin respectively are 
0.75 and 1.18. The conclusion may therefore be drawn from these two 
curves and from the bands for p-hydroxybenzyl- and n-heptylpenicillin in 
Fig. 7 that the positions of the bands of the various penicillins are not 
greatly disturbed by the presence in the mixture of considerable quantities 
of other penicillins and that the constants established by study of the indi- 
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vidual ones alone are probably reliable in locating, for use in anv future 
distribution, the positions of the bands of the four thus far studied. 

A number of attempts were made to study the use of ethyl acetate as q 
solvent in this work. 1M phosphate at a pH of 5.12 proved to be a suitable 
buffer for benzyl- and A*-pentenylpenicillin. A summary of the results js 
given in Fig. 9 of a routine twenty-four transfer run made with benzylpeni- 
cillin in the same way as with ether. The main band agreed well with the 
calculated curve and one would ordinarily suspect a considerable amount of 
inhomogeneity in Tubes 0 to 6. The material in these tubes had very little 
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Fia. 9. Distribution pattern of benzylpenicillin. O = optical density at 269 my 


@ = optical density at 320 mu; X = experimental weight curve; O = calculated 
curve. 


antibiotic activity. Upon further examination the suspected inhomoge- 
neity was found to have a very low partition coefficient, much too low for it 
to migrate as far as Tube 5 or 6. A discrepancy is thus evident, and trans- 
formation of some sort during the run would be suspected. That this 
indeed was the case was shown by taking the material from Tubes 10 to 17, 
isolated as the crystalline triethylammonium salt, and distributing it again 
as in the original run. Again approximately 15 per cent of the same ma- 
terial appeared in Tubes 0 to 9 inclusive. 

Attempts to distribute p-hydroxybenzyl- and A?-pentenylpenicillin in 
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ethvl acetate both gave a similar result. It is thus evident that the par- 
ticular ethyl acetate at hand was not satisfactory for studying penicillin in 
a quantitative manner because of inactivation. Whether or not a specially 
purified ethyl acetate would fail to cause inactivation can only be surmised 
at this point, but this is a problem we hope to take up at some time in the 
future. 

From the above results it appeared possible to set up standards and 
constants which would be helpful in analyzing commercial penicillin prep- 
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Fic. 10. Distribution pattern of commercial penicillin; O = weight curve; @ = 


caleulated curve for a single substance. 


arations for clinical use as well as in definitely characterizing a particular 
penicillin. Several routine distributions have therefore been made on 
commercial penicillin preparations available at the time the work was 
being done. Most of these were amorphous. None had activity against 
Staphylococcus aureus less than 1000 units per mg. Four representative 
distributions of these runs in ether-2 m buffer at pH 4.8 are given in Figs. 10 
to 13 inclusive. 

The preparation shown in Fig. 10 had almost all its activity in the benzyl- 
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penicillin band but contained active material in the A*-pentenylpenicillin 
region, and probably contained approximately 5 to 10 per cent of the latter. 
Tube 11 of the main band gave readily the triethylammonium salt of ben- 
zylpenicillin, as shown by melting point, solubility, crystalline form, and 
analysis. The material in Tubes 0 to 2 as well as in Tubes 22 to 29 showed 
no antibiotic activity. As can be seen from the chart, the method of 
alternate withdrawal was used in this distribution. 
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Fic. 13. Distribution of a commercial preparation of supposed high n-heptyl- 


penicillin content. 


The distribution of Fig. 11 was run in exactly the same way, but showed 
a much more complicated picture. A small amount of crystalline triethyl- 
ammonium salt could be isolated from Tube 13, and presumably this is 
benzylpenicillin. The height of the curve at the position between Tubes 
12 and 13 gives readily the maximum percentage of benzylpenicillin which 
could be present in the sample, since this point would correspond to the 
maximum of the benzylpenicillin band. A calculated curve for benzyl- 
penicillin should have a height at the maximum of 16.4 mg. The sample 
could not have, therefore, more than 11 per cent of benzylpenicillin in it, 
but probably contains somewhat less. 
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At least one other penicillin is present in the central overlapping band 
but, since this is too far displaced toward the right for A*-pentenylpenicillin 
itself (this maximum should occur at 16), it is probable that another penj. 
cillin or a mixture of A*-pentenylpenicillin and another penicillin is present. 
The high band to the right of Tube 24 is active antibiotically and contains 
material occurring in the n-heptylpenicillin region. The number of 
different penicillins present in this band has not been determined, but it 
would appear to represent more than 50 per cent of the total activity, 

Fig. 12 would appear to be rather clear cut and to show practically no 
inactive material in the sample. It would appear to contain approximately 
90 per cent of benzylpenicillin. Tube 9 readily gave the triethylammonium 
salt which agreed in melting point, solubility, crystalline form, antibiotic 
activity, and analysis with the triethylammonium salt of benzylpenicillin, 
Apparently there is present about 3 per cent of a n-heptyl type and 2 per 
cent of a partially active p-hydroxybenzyl type. 

Fig. 13 again showed a much more complex picture and was rather simi- 
lar to Fig. 11, except that it showed antibiotic activity in the p-hydroxy- 
benzylpenicillin region. In this run triethylamine was added to each tube 
before evaporation. The only residues which crystallized directly were 
those in the benzylpenicillin band. The shape of the broad central band 
could scarcely be caused by benzylpenicillin and only one other penicillin, 
A minimum of three different antibiotics was most likely present in those 
tubes. A considerable amount of activity was also present in the large 
n-heptylpenicillin band occurring in Tubes 26 to 30 inclusive. 

In order to learn something of the nature of the material in Tubes 26 
to 30 another distribution was started in the same system in which more 
material was taken at the start. Only a few transfers were applied, but 
sufficient to separate most of the rapidly moving band in the end tube. 
The ether layer of this end tube which was 8 cc. in volume was then in- 
troduced as the upper layer in Tube 0 of a machine run which had been 
previously prepared by filling the apparatus with the system ether-l m 
phosphate at pH 5.50. A routine twenty-four-stage distribution then 
gave the pattern shown in Fig. 14. Triethylamine was added before 
evaporation of each tube. 

The material in Tubes 0 to 5 was probably the same as material occurring 
in the central tubes of Fig. 12 and was not examined further. The central 
band was much too wide to be formed from a single substance and con- 
tained at least two. Further, the approximately equal antibiotic activity 
of ‘Tubes 10 and 18 indicated that a minimum of two antibiotics was present. 
Only Tubes 13 and 14 would crystallize under conditions favorable for 
the crystallization of the triethylammonium salt of n-heptylpenicillin 
and when seceded. This is the region of the maximum of the n-heptyl- 
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penicillin band. The material which resulted in Tubes 18 and 19 would 


Considerable material appeared in Tubes 22 and 24 which was active 


Its nature and complexity would also appear to be un- 


appear to be attached to the in- 


A certain amount of interest would 
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Fic. 14. Pattern of the redistribution of the n-heptylpenicillin band from Fig. 13. 


T. E. A. salts = triethylammonium salts. 


fact that this particular penicillin preparation is quite heterogeneous with 
at least seven different penicillins being indicated in appreciable amounts. 
No single species could comprise more than 15 per cent of the total. This 
is a particularly interesting conclusion in view of the fact that this prepa- 
ration was furnished us with the suggestion that it contained approximately 
76 per cent of n-heptylpenicillin, as based on differential assay. 

There would seem to be no doubt that the method of differential assay 
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has its value in estimating the relative amounts of penicillins when onh 
two of the individual penicillins are known to be present and the identity 
of the two is known. This of course greatly limits its application. The 
method, however, when combined with the method of counter-curren 
distribution, should make a very informative tool for the investigation of 
crude penicillins, since the latter method usually furnishes the preliminary 
simplification required for the first. This is a point we hope to follow fur. 
ther as opportunity presents itself. 

It is only to be expected and is definitely indicated from Figs. 13 and 14 
that the penicillins to be encountered in an amorphous preparation are by 
no means restricted to the four most common types. For this reason basic 
studies similar to the type reported in this paper will probably always be 
required, to deal with the problem intelligently. 
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IDENTIFICATION OF SMALL AMOUNTS OF ORGANIC 
COMPOUNDS BY DISTRIBUTION STUDIES 


V. CALCULATION OF THEORETICAL CURVES* 
By BYRON WILLIAMSON anv LYMAN C. CRAIG 
(From the Laboratories of The Rockefelle r Institute for Medical Research, New York) 


teceived for publication, December 13, 1946 


The method of counter-current distribution for the purpose of fraction- 
ation, detection of inhomogeneity, or the characterization of an unknown 
compound has been described in several previous publications (1-3). Be- 
cause of the nature of the process and the attainment of essential equilib- 
rium at each step, the results are particularly adaptable to exact mathe- 
matical interpretation or analysis for any particular procedure chosen. 
Such mathematical interpretation is useful from the standpoint of regular 
practice as well as in understanding the underlying nature of such a proe- 
ess, and therefore is deserving of considerable attention. It is the purpose 
of the present treatment to deal with one phase of the interpretation, 
namely that of a machine distribution when nothing is withdrawn from the 
machine until the desired distribution is finished (Procedure 1 (1), or with 
the procedures given in the two later papers (2, 3)). These represent per- 
haps the simplest of all counter-current procedures and are therefore the 
most easy to interpret mathematically, since they require only the direct 
application of the binomial expansion (4) (Y+Y)", where Y is considered 
the fraction being transferred in the upper layer or A/(A +1) in terms of the 
partition coefficient and for equal volumes of the two phases. X is then 
the fraction remaining in the lower layer, 1—A/(K+1) or 1/(K+1). The 


expansion is therefore 
aio 4 le 
K+1 K+1 


Once such an actual distribution with a solute, homogeneous or otherwise, 
has been reached, the results can best be followed or interpreted by plotting 
a distribution curve. This curve is drawn by plotting the total amount of 
substance in each tube or cell of the machine versus the consecutive numbers 
on the tubes. Highly useful deductions can then be drawn from the 
general shape of the curve and the number of maxima obtained. For the 
proper interpretation of the curve, the theoretical distribution of a single 

* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and 
Development and The Rockefeller Institute for Medical Research. 
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pure substance having the same partition coefficient as the component jp 
question is necessary and can be calculated directly from the binomig] 
theorem. In this paper several simple and rapid short cuts are presented 
for the calculation of such theoretical distributions when the partition 
isotherm is a linear one. 

The calculation of theoretical curves by a method of approximation has 
been referred to previously in the papers mentioned above. However, g 
direct application of the binomial expansion is necessary, when applied to 
relatively few transfers such as in eight transfer distributions, and for the 
higher distributions in which Tube 0 (or the highest tube) contains ap. 
preciable material. As the calculation depends only on the knowledge of 
the value of the partition coefficient of the pure solute in the system em- 
ployed, methods of finding this value will be discussed later in the paper. 

The problem presented is the calculation of the fraction of the pure ideal 
solute present in each of the tubes (both layers combined) after the dis. 
tribution has been effected. From a step by step analysis of the binomial 
theorem, one is able to establish a table of general terms, Table 1, giving 
the fraction of the original solute present in each tube at every stage of the 
analysis as a function of the partition coefficient, A.' The terms of Table] 
are those from the binomial expansion 


bg ot. P 
K+1 K+1 


Any single term, 7’,,,, may be calculated directly from the mathematics 
of the binomial theorem, as given in Formula 1. 


T n! ] " K 
ag = = \ if { 
ri(n—r)!\K + 1 


Tr is, therefore, the fraction of the original substance present in the 
Tube r in a distribution of n transfers or plates. A is the partition coefh- 
cient, or distribution constant, and is always defined as the concentration 
of solute in the upper phase divided by the concentration of solute in the 
lower phase. Thus formula (1) may be used to calculate a theoretical 
distribution for any given partition coefficient. For an eight transfer 
distribution, n = 8 and r = 0, 1, 2,---S, nine values must be calculated; for 
a twenty-four transfer distribution, nm = 24, r = 0,1,2,---24, twenty-five 
values must be calculated. 


1 All formulae derived in this paper will apply only to distributions in which the 
upper phase migrates, as in a machine distribution. They will apply to distributions 
in which the lower phase migrates if 1/K is substituted for K. Also the volumes of 
the two phases are assumed to be equal. When they are not equal, the calculation 
may be done by substituting the product K X r wherever K is used. _r in this caseis 
the ratio of the upper and lower volumes. 
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Rather than calculate each value independently from equation (J) 
more rapid methods are possible which in principle determine only one tery 
directly and calculate all other terms from this one. For a specific ey. 
pansion, 7.¢. for a given value of n, adjacent terms of the expansion are ver 
simply related to one another. This is evident upon examination 9 
Table I, e.g. 


7; = SK T» 


T, = ~ KT,, ete (2 


tories 


In general terms, the rth term is related tothe (r—1)th and the (r+1)th 
term by formulae (3) and (4) respectively. 


T, = FKT,. 3 


~ ait Sha. 
T, = F (7)r.. (4 


where F = (n+1—r)/rand F’ = (r+1)/(n—r). 

For eight and twenty-four transfer distributions the factors F and F’ are 
given in Table II. A direct application of the use of these factors is dis- 
cussed later in this paper. For eight transfer distributions in which the 
lower phase migrates, a further convenience results if a series of nine graphs 
are plotted from equation (1), (1/K substituted for A) with 7, as the 
ordinate and K as the common abscissa, for values of r = 0,1,2,---8. 
From these graphs one is able to read all nine values, one from each curve, 
for any value of K, and hence obtain the theoretical concentrations in a 
very few minutes. These curves are given in Fig. | for values of K from 
0.40 to 2.50. 

As T, is the fraction of the original solute in Tube r, it is numerically 
equal to the amount of solute in gm. only provided the experiment was 
begun with | gm. In general, experiments are not begun with a unit 
weight, so that to determine the actual amount present in Tube r the value 
7, must be multiplied by the total weight of solute used. 

In applying these data to the interpretation of an actual distribution, 
1.e. the fitting of a curve, it is well to emphasize the basic point, namely that 
for a pure solute and a given number of transfers the relative amount of 
substance in each tube is fixed (assuming a linear isotherm). Thus in an 
inhomogeneity analysis, if the values of 7’, are multiplied by the weight of 
the inhomogeneous sample, the experimental concentration values for the 
tubes at the extremities of the distribution will exceed the theoretical ones 
by nearly the actual amount of the impurity present, while the theoretical 
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TaBie II 
Factors for Eight and Twenty-Four Transfer Distributions 





8 transfer distribution 24 transfer distribution 
| F | F’ F | F’ 
0 | 1/8 1/24 
1 8 2/7 24 2/23 
2 7/2 | 3/6 T | 23/2 3/22 
3 6/3 4/5 22/3 4/21 
{ 5/4 | 8/4 | 21/4 | 5/20 fT 
5 4/5 | 6/3 20/5 6/19 | 
6 3/6 7/2 19/6 7/18 | 
7 2/7 8 18/7 | 8/17 
8 1/8 17/8 9/16 
9 | 16/9 10/15 
| 
20 5/20 21/4 
21 | 4/21 22/3 
22 3/22 23/2 
2 2/23 24 
24 1/24 
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Fic. 1. Graph of eight transfer distribution for different partition coefficients 
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values for the central tubes will exceed the experimental ones by a pro. 
portional amount. 

The pure solute from the inhomogeneous sample will usually be cop. 
centrated in the tubes comprising the peak of the distribution, and it is thus 
valid to attempt to fit the maximum of the theoretical curve to that of the 
experimental one. Impurities are then quantitatively indicated by the 
deviations at the extremities of the two curves, the experimental values 
always excceding the theoretical ones by the amount of impurity present, 
This fit is accomplished by multiplying all 7’, values by the factor 7m, /- 
Tmax., Where T’max. is the experimental value for the tube of max. 
imum concentration and Tmax. is the theoretical value for this same tube 
on the basis of unity, 7.e. as calculated from formula (1), or as read from 
Fig. 1. In the event the means of analysis does not result in the direct 
determination of the actual weight of substance in cach of the tubes (eg. 
spectroscopic analysis), the figures proportional to weight may be used. 

In practice, however, especially with distributions of more than eight 
transfers matching the theoretical curve to the experimental one is best 
accomplished directly by the procedure now to be outlined. After deter- 
mining the experimental distribution, a value is chosen near the peak of 
the distribution curve, preferably the maximum one, and, assuming this 
to lie on the theoretical curve, the other values composing the theoretical 
distribution are calculated by use of the factors F and F’. ‘The use of the 
point near the maximum of the distribution curve involves the previously 
stated assumption that the solution represented by this point is that of a 
pure compound. 

If a distribution is attempted with a mixture of two substances whose 
partition coefficients are close together, for example a mixture of isomers, 
a clear separation may not result, and instead of obtaining a curve of two 
distinct peaks a rather broad, single peak may occur. In attempting to 
fit a theoretical curve to such a distribution, one must assume the existence 
of at least two substances and find two curves which, when added together, 
will give the experimental one. The application of this method to sterio- 
isomers, diasterioisomers, and other very closely related compounds is 
being undertaken and appears to offer promise. Methods for a more com- 
plete separation of compounds with nearly identical partition coefficients 
may also be found in variations of the standard distribution procedures. 
Such possible variations are being further investigated. ‘Two typical curves 
are given in Figs. 2 and 3. Fig. 2 is that of an eight transfer distribution 
of a mixture of two compounds consisting of 90 per cent of Compound A 
(K = 1) and 10 per cent of Compound B (K = 10). Fig. 3 is a twenty-four 
transfer distribution of the same mixture, showing the increased separation 
rendered by the use of a greater number of transfers. In all cases in which 
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an applied theoretical curve will not coincide with the experimental one, 
it is indicated by a dotted line. 

By use of the above methods, the theoretical distribution of a pure sub- 
stance can be determined exactly for any given partition coefficient. 
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Fig. 2. Pattern of eight transfer distribution 
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Therefore in contrasting theoretical concentrations with those obtained 
experimentally in an inhomogeneity analysis, the partition coefficient of 
the pure substance must be determined. The ways in which this may be 
achieved are several. 

Direct Measurement—The partition coefficient as measured before the 
distribution is that of the inhomogeneous solute, and is consequently not 
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usable in the theoretical determination. The material in the tubes near 
the peak of the experimental distribution, however, should be the most 
nearly homogeneous, except in the case of an inhomogeneity with an idep- 
tical or nearly identical partition coefficient. These solutions may thus be 
used to determine experimentally the partition coefficient of the pure solute. 
unless otherwise indicated by the shape of the curve. Direct measurement 
is always used in this laboratory to serve as a check on experimental pro- 
cedure or calculations, as well as on possible deviations from a linear 
partition isotherm; but for use in the calculation of a theoretical curve to 
be fitted K may be derived as given below, without the separate experi- 
mental determination. 

Indirect Caleulation—When the tubes near the peak of the curve contain 
homogeneous material, this part of the experimental curve is representative 
of the true partition coefficient of the pure solute. Further, the form and 
position of this part of the curve are quite sensitive to the value of the 
partition coefficient, and herein lies the basis for several methods of de- 
termining this coefficient. Two are mentioned here. 

A previously reported application (1) of this principle is in the use of the 


K F 
4 = K + 1 7) 


which defines the relationship between the position \V of the peak of the 
curve and the partition coefficient, A, where n is the number of transfers 
in the distribution. This formula assumes a continuous function and is 
exact only if K is equal to unity or if there are an infinite number of transfers 
in the distribution. For distributions involving a number of transfers 
greater than twenty, when the partition coefficient is near unity, the above 
formula is satisfactory in ordinary practice. Its disadvantages are 2-fold; 
namely, the abscissa of the peak of the curve, NV, can only be estimated 
rather than determined accurately, and secondly, it cannot be applied to 


formula 


eight transfer distributions. 

A second method of determining the partition coefficient from the region 
near the peak or from any other part of the experimental distribution curve 
utilizes the condition that the ratio of the concentrations in any two tubes 
is a specific funetion of the partition coefficient. The concentration in 
any one tube is a function of both the initial concentration and the partition 
coefficient. The ratio of the concentrations in any two tubes, however, is 
a function of the partition coefficient only, and is independent of the 
initial concentration. For example, in an eight transfer distribution, 
T,/Ts = 5/4(K). Hence 


K =[5/4(T/T (6) 
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Fic. 4. Graph for determining partition coefficient 


In general, from equations (3) and (4), 


1 7. P 

it as (7) 

F T,-1 , 

oe ‘ 

grep (8) 
T. 


If the various ratios, 7,/T,4:, are plotted against K, straight lines will 
be obtained (Fig. 4) and from such graphs the partition coefficient can be 
read quickly and accurately. Thus through the use of the graphs of Figs. 
| and 4 an eight transfer theoretical distribution may be quickly calculated 
and applied. 
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The methods given in this paper for the calculation of theoretical curves Thi 
dc Cc —z/a (cin equ 
ys = 7 a an € (9) err 
K 
gs eee 
/ (3 + ) C 
' me ples 
will supersede in many instances the formula earlier derived for the caleu- mat 
lation of theoretical curves. Equation (1) is exact, while equation (9) is an per’ 
approximation. Nevertheless, equation (9) is of interest because it permits to | 
easy calculation of curves for numbers of transfers higher than twenty-five, pos 
Further, it is apparent that very close approximations may be made with mat 
this type of mathematical calculation. In Fig. 5 curves for K = 0.707 Als 
18 tere 
| K=.707 fort 
16 AA a= binomial expansion - Formula 1 
| ©= approximation - Formula 9 
g 14 T | | 
3 : | +-24 plate \ 
& - in t 
; i | 7A | 
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Fic.5. Agreement of calculation with the exact calculation and the approximation 


exactly by formula (1) and by the approximation of formula (9). The 
constant a, which was derived empirically, approaches 2 for either large 
or small coefficients, since it is equal to 2(1/K+1). Here the recipro- 
cal of K, 1/K, must be used when K is greater than 1. Thus equation 
(9) becomes equation (10) 


; 
are given for twenty-four and forty-eight plate distributions calculated | 
} 








a: oe x (10) 
K 
2 
V "(K +1)" 
where y is the ordinate or the fraction of the substance in the tube | 


in question, K is the partition coefficient, n is the number of transfers, and 
x is the number of tubes between the one in question and the maxima. 
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Thuswhen zis0,yisthe maximum. Equation (9) isin accord with previous 
equations (5) for this type of calculation and coincides with the curve of 
error. 

Our theoretical considerations have thus far been restricted to the sim- 
plest possible type of manipulation of the machine. In this no attempt is 
made to prevent the band from spreading or otherwise to modify it, such as 
periodic withdrawal of certain fractions, evaporation to dryness, and return 
to the preceding tube would achieve. This latter procedure offers the 
possibility of one way of introducing a principle with the same effect in our 
machine that the principle of reflux has, as used in fractional distillation. 
Also the periodic withdrawal of certain fractions offers itself certain in- 
teresting possibilities. It is our intention to discuss these approaches in a 
forthcoming paper when more experimental data are at hand. 


SUMMARY 


Methods for rapid and accurate calculation of theoretical curves for use 
in the “counter-current distribution’? method have been presented. 
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FLUQROPHOTOMETRIC ESTIMATION OF STILBAMIDINE 
IN URINE AND BLOOD 


By ABRAHAM SALTZMAN* 


(From the Second Medical Service of Dr. I. Snapper, the Mount Sinai 
Hospital, New York) 


(Received for publication, March 14, 1947) 


Stilbamidine (4 ,4’-diamidinostilbene) has been introduced by Yorke and 
his colleagues (1) as a powerful chemotherapeutic agent for the treatment 
of trypanosomiasis, kala-azar, and babesiasis. It has also been experimen- 
tally used in the therapy of purulent arthritis (2), simian malaria (3), and 
most recently in multiple myeloma (4). A method for the estimation 
of this drug in biological fluids is of importance and is the basic requirement 
of any study with stilbamidine. Direct application of physical methods, 
i.e. fluorescence or ultraviolet absorption, while highly desirable because of 
their sensitivity and specificity, results in inaccurate readings because of 
the presence in biological fluids of interfering substances. In the method 
to be presented stilbamidine is first separated quantitatively by an ion 
exchange column of Decalso (suggestion of Dr. Oliver Lowry), and then 
eluted and measured with a fluorophotometer. The method also has the 
advantage that a preliminary precipitation of plasma proteins is not neces- 
sary. 

Principle—Stilbamidine exhibits « brilliant blue fluorescence when ex- 
posed to ultraviolet light and this property can be used for its estimation 
The fluorescence is measured by a photometer after separation from other 
fluorescent materials. The fluid to be examined is placed on a column of 
Decalso for adsorption. The column is washed free of impurities with 
large volumes of hot water. Elution is carried out with a 0.2 n HCI-50 
per cent ethanol mixture, which is more efficient than the usual HC'1- 
KCl mixture. The small blank value for the urine is then reduced by 
strong acidification of the eluate. After a specific time interval the eluate 
is measured in a fluorophotometer. 

Reagents 

1. Decalso, 50 to 80 mesh, washed before use with 3 per cent acetic 
acid followed by distilled water and drying. 

2. Silica sand, fine granular. 

3. Eluting mixture, equal parts of 0.4 x HCl and 95 per cent ethanol. 

+. Hydrochlorie acid, c.p., concentrated. 


*Assisted by a fellowship from the Emanuel Libman Fellowship Fund 
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Method of Analysis 


Stilbamidine is photolabile in aqueous solution, necessitating the per- 
formance of all stages of the method in dim arti.icial light or in the dark, 
Adsorption c.lumns were made from ordinary glass tubing 9 mm. in diam- 
eter, with a 0.5 mm. hole at the bottom. They should be at least 10 inches 
long and preferably with a funnel top. A few grains of silica sand are 
added to the column which is wetted with a drop of water applied to the 
bottom. Decalso is added until a column 6 inches in length is formed. 
Gentle tapping of the tube assures uniform distribution of the Decalso. 

Urine samples are collected in dark bottles. Measure 5 ec. of urine 
(containing | to 30 y of stilbamidine per cc.) into the column and allow 
adsorption by gravity. It is advisable to check adsorption by a momen- 
tary exposure to a weak source of ultraviolet light. 

Wash the column with 60 cc. of hot water, using gentle suction. Dis- 
card the water. Elute with three portions of 4 cc. of eluting mixture and 
collect in a 25 ec. volumetric flask. This step is done without suction. 

Add | ee. of concentrated HCl to the solution in the flask, dilute to the 
mark with distilled water, mix, and place in the dark for 15 minutes before 
measuring the fluorescence. 

Standard Sclutions—The stock standard is a 30 mg. per cent aqueous 
solution of stilbamidine isethionate. This is stable in the dark at room 
temperature, losing only 2 per cent per week. Of this solution 0.1, 0.3, 
and 0.5 cc. are carefully measured into 25 cc. volumetric flasks. 12 ce. 
of elution mixture are added to each flask and mixed. Then 1 cc. of con- 
centrated HCl is added and the solution made up to the mark with distilled 
water. After mixing, exactly 15 minutes should elapse before the fluo- 
rescence is measured. Standard solutions in water are not comparable, 
as they have only two-thirds of the fluorescence of those containing 
alcohol. 

Reagent Blank—12 cc. of elution mixture and 1 ec. of concentrated hy- 
drochloric acid are made up to 25 ec. with distilled water. 

Fluorometric Measurement—An instrument containing a balance photo- 
cell and bridge circuit is required for stable, reproducible readings and 
linear response (Lumetron'). The fluorescence is measured with the 
usual primary and secondary vitamin B, filters, and a wire screen which 
cuts down the intensity of the measuring beam about 70 per cent. After 
the Lumetron has warmed up, the secondary standard (1 y per cc. of quinine 
sulfate in 0.1 N sulfuric acid) is set at 50 and the reagent blank at 0 with the 
zero suppressor control. If the 15 ec. sample holder is used, 12 cc. aliquots 
are pipetted into the sample holder. 


1Photovolt Corporation, New York. 
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EXPERIMENTAL 


The fluorescence of stilbamidine deteriorates rapidly during measure- 
ment, probably owing to saturation of the ethylene linkage (5). The 
deterioration experienced under our conditions of measurement is given 
in Fig. 1. It is seen that the greatest rate df change of fluorescence is in 
the Ist minute. If one exposes the solution to be ex xamined for exactly 1 
minute before taking a reading, reproducible measurements can be made 
with a variation of 2 per cent or less. The disadvantage of reading the 
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Fic. 1. Galvanometer readings of stilbamidine fluorescence 





fluorescence after a longer period of time is that the fluorescence of the 
blank does not change, so that proportionately it becomes greater. 

A graph of the values for the fluorescence of the standard solutions forms 
a straight line for the low concentrations measured (Fig. 2). It can be 
noted that a reading of 60 is obtained when 0.09 mg. of stilbamidine ise- 
thionate was present in the original 5 ce. aliquot of urine, the blank on the 
urine without stilbamidine being, on the average, about 2. By this method 
the drug content of the urine or other biclogical fluids can be measured 
accurately down to 1 y per ce. of fluid tested. 

Recoveries averaging 87 per cent were obtained in experiments in which 
stilbamidine was added to 5 cc. samples of urine (Table I). The average 
deviation of a single determination was less than 2 per cent. This is a 
satisfactory result for a method employing Decalso, the loss being due to an 
inseparable, permanently adsorbed fraction. 
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TABLE | 
Recovery of Stilbamidine Ise thionate 








Stilbamidine added Per cent recovered* 
. me. 
Urine ] 0.015 96 
‘in 2 0.03 SY 
3 0.06 SS 
} 0.06 S7 
5 0.09 S7 
6 0.09 S7 
7 0.09 S4 
S 0.09 S6 
9 0.09 S3 
- 10 0.09 S7 
“5 I] 0.09 S5 
" 12 0.12 &5 
si 13 0.12 S7 
Plasma |] 0.018 S4 
- 2 0.018 S5 
vig 3 0.036 SS 
x x } 0.06 SY 
* After subtraction of the blank. 
oe 
= 
=] 
Bi 
ce 
2 
@ 
3 
A 
a 
i P . i a a 4 . l 1 r a ] 
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Stilbamidine Isethionate mag. 


Fig, 2. Fluorescence curve of stilbamidine 


Proteins need not be removed before placing the plasma on the Decalso 
column. A procedure similar to that for urine is applied to 2 ce. samples 
of plasma. The quinine standard is set at 100 and weaker standard solu- 
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tions are necessary. Blank values of plasma without stilbamidine are 
negligible. Recovery of stilbamidine added to plasma was the same as 
with urine (Table I). Culture media containing stilbamidine can be ex- 
amined in the same way. 

Comment 


The pharmacological and clinical studies of stilbamidine and other aro- 
matic amidines have been handicapped by a lack of suitable methods for 
the estimation of the amounts of these drugs in urine and blood. By mak- 
ing use of the two readily apparent properties of stilbamidine, adsorption 
and fluorescence, a simple and accurate method for the determination of 
stilbamidine in biological fluids was evolved. Recently a method has ap- 
peared for the fluorometric determination of aromatic amidines based upon 
the reaction of the latter with glyoxal and benzaldehyde in alkaline aqueous 
solution with formation of fluorescent glyoxalidone derivatives (6). Al- 
though this is a definite improvement over previous methods employing 
glyoxal, it requires the separation of amidine from plasma proteins with 
either dialyzed iron or butyl aleohol, and for urine samples there are fre- 
quently (6) “extraneous compounds which inhibit the reaction of the aro- 
matic amidines with glyoxal and benzaldehyde.” Furthermore, the range 
to be measured (2 to 10 y of stilbamidine) is more restricted than with the 


Decalso method. 


SUMMARY 


A simple and accurate method of estimation of stilbamidine in urine and 
blood is given. The stilbamidine is separated from interfering substances 
by adsorption on a column of Decalso, which is then washed with hot water. 
Preliminary protein precipitation is not necessary. Elution is carried out 
with a hydrochloric acid-ethanol mixture, which is further acidified to re- 
duce blank fluorescence. The characteristic blue fluorescence of the stil- 
bamidine is then measured in a fluorophotometer. 
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A CHEMICAL METHOD FOR THE DETERMINATION OF 
PTEROYLGLUTAMIC ACID AND RELATED 
COMPOUNDS 


By B. L. HUTCHINGS, E. L. R. STOKSTAD, J. H. BOOTHE, J. H. 
MOWAT, C. W. WALLER, R. B. ANGIER, J. SEMB, 
AND Y. SUBBAROW 


Wits THE TECHNICAL ASSISTANCE OF ANNA DE GRUNIGEN 


(From the Lederle Laboratories Division, American Cyanamid Company, Pearl 
River, New York) 


(Received for publication, February 12, 1947) 


Pteroylglutamie acid, N-[4-{[(2-amino-4-hydroxy-6-pteridyl)methyl]- 
amino} benzoyl|glutamie acid, on either chemical or catalytic reduction at 


(S\(SS—Nu 
| ‘ 


io | | N 
HOOC—CHNEH- O€ SNH on J PF) 
| — me 


CH, . OH 


O 


HOOC— CH, 


an acid pH is cleaved to yield a pteridine and p-aminobenzoylglutamic acid} 
The reaction seems to be general for this group of compounds and is sug- 
gested as a basis for a chemical method for the determination of pteroylglu- 
tamic acid, its derivatives, and analogues. 

The method consists of reducing the compound with zine dust in 0.5 N 
The aromatic amine is measured by the method of 


hydrochloric acid. 
The difference 


Bratton and Marshall (1) before and after reduction. 
between the two values multiplied by the appropriate factor is a measure of 


the pteroyl derivative present. 
Method 


Apparatus—A photoelectric colorimeter is necessary to measure accu- 
rately the color formed in the Bratton and Marshall procedure. An Evelyn 
photoelectric colorimeter and a Beckman spectrophotometer have been 
used. 

Reagents—5.0 nN hydrochloric acid. 

Reagent grade of zine dust. 

1 Hutchings, B. L., Stokstad, E. L. R., Mowat, J. H., Boothe, J. H., Waller, C. W., 
Angier, R. B., Semb, J., and SubbaRow, Y., unpublished data. 
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0.5 per cent solution of gelatin containing 0.1 per cent benzoic acid as q 
preservative. 

0.1 per cent solution of sodium nitrite. 

0.5 per cent solution of ammonium sulfamate. 

0.1 per cent solution of N-(1-naphthy])-ethylenediamine dihydrochloride. 
This reagent is light-sensitive and should be kept in a brown bottle. 

0.1 per cent solution of p-aminobenzoiec acid in 50 per cent ethanol. 

Procedure 

A general outline of the method, with pteroylglutamic acid as an example, 
follows. A solution containing from 0.5 to 3.0 mg. of pteroylglutamie acid 
is placed in a 100 ml. volumetric flask. To this flask are added approx- 
imately 80 ml. of water, 10 ml. of 5.0 N hydrochloric acid, 1.0 ml. of a 0.5 
per cent solution of gelatin, and sufficient water to make the total volume 
100 ml. A sample of this unreduced solution, usually 2 ml., is removed and 
used for determining the free amine. If the original compound or crude 
product contains less than 2 per cent of free amine, an aliquot of the original 
solution must be used in order to obtain a readable color. 

The remainder of the solution is transferred to a 250 ml. Erlenmeyer 
flask and reduced by the addition of from 0.5 to 1.0 gm. of zine dust. The 
amount of zine dust is not critical and can be conveniently estimated once a 
weighed amount has been used. After 10 minutes reduction, during which 
time the flask is shaken intermittently, the zine dust is filtered off and the 
amine is determined on 2 ml. of the filtrate by the following procedure: 
The sample is diluted to 6.6 ml. with water. To this solution are added, 
with thorough mixing, 0.4 ml. of 5.0 N hydrochloric acid and 1.0 ml. of 
sodium nitrite solution. After 3 minutes, 1.0 ml. of ammonium sulfamate 
solution is added and the decomposition of the excess nitrous acid is allowed 
to proceed for 2 minutes. At the end of this period, | ml. of N-(1-naphthyl)- 
ethylenediamine solution is added. The color reaches a maximum in 5 
minutes and is stable for several hours. The color may be measured at 
550 my in a Beckman or Coleman spectrophotometer or in a photoelectric 
colorimeter with a 550 my filter. The use of specially cleaned cuvettes 
decreases the tendency of bubbles of nitrogen gas to adhere to the sides 
of the cuvettes. 

Since p-aminobenzoic acid, p-aminobenzoylglutamic acid, and p-amino- 
benzoylglycine give the same molal color, it is reasonable to suppose that 
other peptides of p-aminobenzoic acid would give similar results. On the 
basis of this assumption p-aminobenzoic acid has been used as a standard 
in the Bratton and Marshall method. A response curve is constructed 
with from 5 to 20 y of p-aminobenzoic acid. This is necessary since the 
color intensity does not exactly follow Beer’s law. 

Calculations—The difference between the amine obtained after reduction 
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and the amine obtained on the unreduced solution yields the combined 
amine present. This value multiplied by the factor, (molecular weight of 
pteroylglutamic acid) (molecular weight of p-aminobenzoic acid), gives 
the micrograms of pteroylglutamic acid in the diluted sample. 


EXPERIMENTAL 


Extent of Reduction -The magnesium salt of pteroylglutamic acid was 
prepared by heating the free acid with magnesium oxide in the minimum 
amount of water. The solution was filtered to free it of excess magnesium 
oxide. On cooling, magnesium pteroylglutamate crystallized as needles. 
After three recrystallizations the magnesium salt was collected, air-dried, 
and then dried in a high vacuum at 110° for 4 hours. 


Cy, 9H,OsN Mey ;-H.O 
Caleulated. C 46.29, H 3.66, N 19.90, Mg 7.41 
Found. ** 46.51, 46.44, “* 4.20, 3.70, “* 19.92, 19.78, ‘* 7.38, 7.29 


When the compound was reduced under the conditions described above, 
it was found to contain 0.09 per cent free amine as p-aminobenzoie acid 
and 28.25 per cent total amine. The difference between these two values 
multiplied by the factor, (CioHiOsNzMgis5:HeO)/(molecular weight of 
p-aminobenzoice acid), gives a figure of 101.2 per cent. As the accuracy of 
the Bratton and Marshall determination is +2 per cent, the figures indicate 
that the reductive cleavage is essentially complete. 

An independent method of assessing the purity of the compound was 
based on a comparison of the extinction coefficients of the magnesium 
pteroylglutamate with the value for pteroylglutamic acid.. The E{” 
value at 365 my for magnesium pteroylglutamate was 184. When this is 
corrected for the magnesium and water content, the EZ,” value is 205.5. 
The value for a highly purified preparation of the free acid is 206. This is 
further evidence for the essentially complete reduction of pteroylglutamic 
acid into its pteridine and aromatic amine components. 

Time of Reduction—Samples were reduced for the lengths of time noted 
in Table I. Maximum amine liberation occurred in less than 10 minutes. 
Further reduction, especially with certain samples of zine dust, led to 
somewhat lower values. This apparently arises from partial destruction 
of the aromatic amine that is formed on reductive cleavage (see below). 

Stability of p-Aminobenzoic Acid and p-Aminobenzoylglutamic Acid to 
Reduction—p-Aminobenzoie acid and p-aminobenzoylglutamic acid were 
reduced under conditions similar to those used for the pteroyl derivatives. 
Definite destruction of the aromatic amines occurred (Table II). The 
inclusion of gelatin in the reducing solution protects the amines from 
inactivation. The exact nature of this protective action is unknown. 
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Stability of Diazo Compound to Light?—A series of experiments was carried 
out in which p-aminobenzoylglutamic acid was diazotized in red flasks 
which were non-actinic, in ordinary glassware in laboratory light (slight 


TABLE [| 


Effect of Time and Acidity on Reduction of Air-Dried Pteroylglutamic Acid by Zine 


p-Aminobenzoic acid 


Time Acid concentration 
ist determination | 2nd determination 

min. per cent per cent 

l 0.5 n HCl 28.9 28.9 

2 0.5 "7 25.58 28.9 
5 eo “ 20.0 29.0 
10 ne" = 29.5 29.5 
20 Sitar 28.3 28.3 
10 a" + 25.3 27.4 
10 O.1 “ “ 27.9 27.6 
10 a 28.0 27.6 
10 as’ * | 28.6 28.2 
10 oe 27.9 28.0 
10 0.1 ‘* CH,;COOH 27.5 27.4 
10 0.2 es 28.0 27.4 
10 il — 28.0 26.8 
10 Lo > iy 28.6 27.0 


TaB_e II 
Effect of Gelatin on Stability of p-Aminobenzoic Acid and p-Aminobenzoylglutamic 
Acid to Reduction by Zinc 
After reduction 


T; mn ieee nodes 
Compound | Time of redue Before reduc 


tion tion " —_—earen 
No gelatin With gelatin 
min. y per ml. y per ml. y per ml. 
p-Aminobenzoie acid 10 100 79.0 100 
60 100 15.6 OS 
p-Aminobenzoylglutamice acid 10 103 92.3 103 
60 103 81.5 102 


sunlight), and in ordinary glassware in direct sunlight. The results are 
presented in Table III. It is quite apparent that the p-aminobenzoyl- 
glutamic acid diazo compound is unstable to direct sunlight. In ordinary 


2 We are indebted to Dr. W. Seaman and Mr. J. T. Woods of the Caleco Chemical 
Division, American Cyanamid Company, Bound Brook, New Jersey, for the informa- 
tion and data pertaining to the instability of the p-aminobenzoylglutamic acid diazo 
compound to light and the fact that zinc amalgam will serve as a satisfactory reduc- 
ing agent. 
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laboratory light (no direct sunlight) the diazotization product appears to 
be stable. However, if there is a possibility of direct sunlight, the diazoti- 
zation and coupling should be carried out in non-actinic glassware. 

Stability of Pteroylglutamic Acid to Light—Since it has been shown that 
pteroylglutamic acid is decomposed by light to yield p-aminobenzoyl- 
glutamic acid (2), the analytical procedures for this compound should be 
earried out in the absence of direct or indirect sunlight. 

Correlation with Biological Activity—In certain synthetic products the 
chemical method gives higher values than does microbiological assay. 
This is interpreted to mean that the isomeric 7-pteridy] compound is also 
reduced to yield an aromatic amine. The extent of reduction of the iso- 
meric compound has not been studied on a pure product. However, a 
comparison of the chemical values with the values obtained on microbi- 
ological assay serves to indicate the proportion of active isomer present. 


TaBLe III 
Stability of p-Aminobenzoylglutamic Acid Diazo Compound to Light 





Conditions of lighting p-Aminobenzoylglutamic acid 


—~ 


| per cent 


Red flask....... 99.6 
Laboratory light..... cared 98.9 
Direct sunlight............ s cmestiataGartecrcanes sees] 56.9 








When only the active isomer is formed, there is complete correlation 
between the chemical and biological activity. 

Interfering Compounds—Any compound that will give rise to an aromatic 
amine on reduction, which will develop a color in the Bratton and Marshall 
determination, will interfere. The distribution of such compounds in 
natural products is unknown. 

Interfering compounds in the crude products arising from synthesis are 
the isomeric compound mentioned above and oxidized amines. The 
oxidized amines are removed by preliminary purification of the active 
compound. 

Utility of Method—The method is satisfactory with concentrates derived 
from natural sources when the content of the active compound is 5 per 
cent or greater. The method is entirely satisfactory for determining the 
potency of crude products derived from various synthetic reactions when 
only the naturally occurring isomer is present. 

When the method is used for the various derivatives or analogues, the 
desired factor is obtained from the following ratio, (molecular weight of 
analogue) /(molecular weight of p-aminobenzoic acid). 
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DISCUSSION 


On the basis that the reduction proceeds essentially to completion, the 
accuracy of the method is determined by the accuracy of the Bratton and 
Marshall procedure, which is +2 per cent. 

As the sensitivity of the colorimetric procedure is not great, the chemical 
method is of no value in determining the pteroylglutamic acid content of 
natural materials unless the active compound is present at a concentration 
sufficient to give a readable color. 

Zine dust containing from 1 to 3 per cent copper has been used as the 
reducing agent. The reduction is somewhat more vigorous but offers no 
particular advantages over zine dust alone. Zinc amalgam (containing 
from 0.1 to 4.3 per cent zinc) is a satisfactory reducing agent.’ In this 
modification the reduction is carried out for 30 minutes on a shaking 
machine. The values obtained with zinc amalgam are similar to those 
obtained with zine dust when gelatin is present but somewhat higher than 
the values obtained with zine dust alone. 

Only approximate values could be obtained for pteroic acid by the 
chemical method because of the extreme insolubility of this compound in 
acid solution. This is a specific rather than a general property of this 
group of compounds. 


SUMMARY 


A chemical method for the determination of pteroylglutamic acid and 
related compounds is outlined. The method is based on the fact that 
these compounds are cleaved by reduction in an acid solution to yield a 
pteridine and an aromatic amine. The amount of aromatic amine formed 
during the reduction is determined by the method of Bratton and Marshall 
and is used as a measure of the pteroyl derivative present. 


It is a pleasure to express our appreciation to Mr. L. Brancone and 
coworkers for the microanalyses. 
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AN IMPROVED METHOD FOR THE DETERMINATION OF 
TRYPTOPHANE WITH  p-DIMETHYLAMINO- 
BENZALDEHYDE 


By CLAIRE E. GRAHAM, EDWARD P. SMITH, STANLEY W. HIER, 
and DAVID KLEIN 


(From the Research Laboratories, The Wilson Laboratories, Chicago) 
Received for publication, December 30, 1946 


The modifications proposed in this paper permit the original Bates 
method (1) to be generally applied to the assay of tryptophane in proteins 
so that a simple, rapid, and accurate method for determining this amino 
acid is achieved. This is accomplished by developing the standard color 
in the presence of gelatin and by making certain changes in the concen- 
trations of the reagents so that interference from cystine is eliminated. 


EXPERIMENTAL 


Influence of Gelatin on Production of Blue Color'—When pure tryptophane 
was treated by the short procedure of Bates, more color was produced and 
fading was less rapid in the presence of gelatin than when no gelatin was 
added. 

Table | shows that maximum color was produced in the presence of 
gelatin when the time of development was between 10 and 90 minutes. No 
greater color intensity could be produced when the NaNOs was increased 
from 0.2 cc. of 1.5 per cent to 0.2 ec. of 5 per cent solution. 

In the absence of gelatin, the color does not reach maximum intensity 
regardless of time, probably because of the destruction of tryptophane in 
strong HCl. Table I indicates a color intensity 20 per cent greater for the 
standard to which gelatin was added. Accordingly, tryptophane values 
obtained by reading from a standard curve prepared without gelatin, as 
is the usual custom, are too high. 

The data were obtained as follows: 2 cc. of a solution containing 0.3 
mg. of l-tryptophane (Merck) were added to each of twenty 100 cc. volu- 
metric flasks. 35 mg. of gelatin? were added to each of ten of these and 
dissolved by warming the flasks. Color was developed by the Bates 
method with the modifications described later. Varying lengths of time 


' Sullivan ef al. (2) mentioned the instability of free tryptophane in acid solution 
and suggested protection by means of an amino acid mixture such as occurs in casein. 
Doty (3) added gelatin to the assay mixture without indicating a reason. 

* Wilson’s pure food gelatin, porcine type. This product gave no color test for 
tryptophane when tested by the Bates procedure. 
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were allowed for color development, after which the solutions were made to 
volume with 50 per cent alcohol as suggested by Dr. Bates. The light 
transmission was observed in a Lumetron colorimeter, with a No. M550 
filter (maximum transmission 550 my). 

Shaw and McFarlane (4) have stated that tryptophane combined in the 
protein molecule gives more color with p-dimethylaminobenzaldehyde 
than when free and that a source of error lies in the use of free tryptophane 
as a standard. The evidence suggests that free tryptophane may be 
employed if protected by a protein or a mixture of amino acids. 


TaBLe I 


Effect of Gelatin on Color Formation in p-Dimethylaminobenzaldehyde-Tryptophane 
Reaction 


| Transmission 
Time for color development =. . <a 
Gelatin, 35 mg. No gelatin 

‘ min per cent per cent 
5 | 60.0 | 62.3 

10 | 46.8 57.0 

15 | 46.5 54.6 

20 | 46.7 | 54.1 

25 46.5 | 54.5 

30 46.6 54.2 

60 46.9 54.9 

90 7.0 62.6 

120 47.6 67.2 

150 49.0 69.1 


Influence of Cystine on Determination of Tryptophane in Preteins—Origi- 
nally this method was applied only to casein by Bates who dissolved the 
sample in 0.1 N NH,OH or NaOH. Since some proteins cannot be dis- 
solved in this manner, it was necessary to employ alkaline hydrolysis. 

In our first trials 10 to 20 mg. of protein and 35 mg. of gelatin were boiled 
with 2 cc. of 5N NaOH for2 hours. After cooling the hydrolysate to room 
temperature, color was developed by the method of Bates with 0.2 ec. of 
1.25 per cent NaNQOs, and tryptophane concentrations were read from the 
standard curve described below. 

Under such conditions, the tryptophane content of Labco casein and of 
crystalline bovine serum albumin (Armour) was found to be 1.32 and 0.30 
per cent respectively. While this value for casein is acceptable, the value 
for serum albumin is lower than that reported by Brand et al. (5) who used 
the spectrophotometric determination of the isolated mercury compound 


’ Private communication, 1938. 
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of tryptophane. When a longer time was allowed for color development, 
the serum albumin value was not increased. However, when hydrolysis 
was performed with | N alkali and the concentration of the NaNO, reagent 
was increased to 2 per cent, an average value of 0.57 per cent was obtained, 
which agreed with the value 0.58 per cent reported by Brand et al. 

The amino acid composition of bovine albumin as published by Brand 
et al. (5) indicates the presence of an unusually high proportion of cystine. 
Casein, which does not retard color formation under any condition, yields 
a very small proportion of cystine. 

When 5 Nn NaOH and 1.25 per cent NaNO; were used, it was found (Table 
II) that cystine added to casein after hydrolysis in the proportion present 
in bovine albumin had no effect, but when added prior to hydrolysis, it 
decreased color formation. Cysteine, however, decreased color formation 
when added after hydrolysis. 


TaBLe II 
Effect of Cystine and Cysteine on Color Development with Labco Casein* 
20 mg. of casein were hydrolyzed for 2 hours with 5n NaOH. Color was devel- 
oped with 0.2 cc. of 1.25 per cent NaNQs. 

















Substance added | Time of addition Tryptophane found 
per cent 
. 
None 1.30 
Cystine, 1.2 mg. After hydrolysis 1.28 
= i.” Before 4 0.53 
Cysteine, 1.2 mg. After 9) 0.62 








* The values are averages of two trials. 


Procedure for Assay—10 to 20 mg. of protein (contain'‘ng 0.1 to 0.4 mg. 
of tryptophane) and 35 mg. of gelatin are refluxed with 2 cc. of 1 N NaOH 
for 2 hours. After the mixture has cooled to room temperature, to cach 
sample are added with agitation 0.5 ec. of 2.5 per cent p-dimetl ylamino- 
benzaldehyde in 10 per cent HeSO,, 0.2 cc. of 2 per cent NaNQOs, and 28 ce. 
of concentrated HCl. The solutions are allowed to stand for 30 minutes, 
then diluted with 50 per cent alcohol to 100 ce., and read in the colorimeter. 
A reagent blank, containing all of the above reagents except the unknown 
and treated as described, is set at 100. From the per cent transmission, 
tryptophane concentration is read from a standard curve. This curve is 
established by means of a series of flasks containing 0 to 0.6 mg. of trypto- 
phane and 35 mg. of gelatin treated as described. The logarithm of the 
per cent transmission plotted against concentration gives a straight line. 

The results of tests of the recovery of tryptophane added to proteins prior 
to hydrolysis are shown in Table III. 














714 DETERMINATION OF TRYPTOPHANE 


Proteins Assayed Nitrogen determinations are reported on the ash-, 


water-, and fat-free basis. 
Casein. Labco casein, Lot 10588; nitrogen content 15.6 per cent. 


rasie Ill 
Recovery of Tryptophane Added to Proteins Prior to Hydrolysis* 
The proteins were hydrolyzed 2 hours with 1 N NaOH. Color was developed with 
0.2 ec. of 2 per cent NaNO ;. 0.100 mg. of tryptophane added to the proteins 


Protein Tryptophane present Iryptophans Re 
ypt ided 
me ” 
(asein 0.247 0.348 100.3 
Bovine albumin 0.116 0.215 09.5 
* The figures are averages of four trials 
TABLE I\ 
Tryptophane Content of Animal Proteins* 
rryptophane 
Protein — . f, my 
thors Literatur 
data 
per cent ber ceni 

Casein 1.32 1.3,7 1.1, 1.54,§ 1.8,§ 1.247 (7-11 
Beef muscle 1.26 1.24, 1.35,§ 1.2§ (8, 12, 10 
Lactalbumin. . 2.35 2.1,7 2.77,§ 2.3,§ 1.9,|| 1.81 (7, 9, 10, 13. 14 
Beef fibrin 4.0 3.5, 3.51,7 3.7.§$ 3.56§ (15-17, 9 
Bovine albumin 0.57 0.584 (5 
Beef serum.... 1.55 1.7§ (10 
Ovalbumin ; 1.29 Lay 12. 1.4 11, 18, 10 
Wheat gluten . 0.91 0.93,§ 1.08 9, 10 
Soy flour... 1.22 1.0, 1.5§ 15, 17 

protein 1.52 1.5§ (17 


* Reported on an ash-, water-, fat-free basis. The values are averages of four 
determinations 

+ Moisture-, ash-free basis. 

t Moisture-free basis. 

§ 16 per cent nitrogen basis. 

14.2 per cent total nitrogen. 

© 16.07 per cent total nitrogen. 
** 15.12 per cent total nitrogen. 


Beef muscle. Beet shank, vacuum-dried and defatted with benzene; 
nitrogen content 16.2 per cent. 

Bovine albumin. — Crystalline serum albumin, Armour, Lot 45; nitrogen 
content 15.8 per cent. 
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Fibrin, lactalbumin, and beef serum, The same samples as previously 
reported by this laboratory (6). 

Ovalbumin. A crystalline product obtained through the courtesy of Dr. 
A. G. Cole, College of Medicine, University of Illinois; nitrogen content 
14.4 per cent. 

Wheat gluten. From the Pure Gluten Food Company, New York; ni- 
trogen content 14.2 per cent. 

Soy flour (solvent-extracted) and soy protein (a-). Courtesy of The Glidden 
Company, Chicago, nitrogen content 9.4 and 15.4 per cent respectively. 

Tryptophane values obtained by this method for the preparations listed 
above are shown in Table IV and the results compared with those reported 
by other workers. The agreement with values from the literature obtained 
by reliable procedures is good. 


DISCUSSION 


The Bates method for tryptophane, as modified herein, gives a rapid, 
accurate procedure for the colorimetric determination of this amino acid 
in proteins. Routinely, six samples can be assayed in 4 hours. 

The original method was applied only to proteins readily soluble in 0.1 N 
alkali. The method reported here is applicable to all ordinary proteins 
examined in our laboratory, including those which are not soluble in dilute 
alkali. 

Paradoxically, the original Bates method gives values for some proteins 
which are too high and for others too low. The high values appear to 
result from the instability of the tryptophane standard in acid solution. 
The low values are due to the effect of reducing substances produced during 
hydrolysis from excessive cystine in the sample. These effects are elim- 
inated by use of the present procedure. 

SUMMARY 

A simple, rapid method for the determination of tryptophane in proteins 
is described, involving the use of a modification of the Bates procedure. 

The tryptophane content of several proteins as determined by this 


method is reported. 
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THE EFFECT OF SUCCINIC DEHYDROGENASE ON 
DEUTERIUM-LABELED SUCCINIC ACID IN THE 
ABSENCE OF HYDROGEN ACCEPTORS 
By ERNEST O. WEINMANN,* MARGARET G. MOREHOUSE, 
AND RICHARD J. WINZLER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles) 


(Received for publication, January 22, 1947) 


It is now well established that the oxidation of metabolites by living 
cells involves the passage of hydrogen or electrons or both along a series of 
oxidation-reduction systems. Oxygen enters this chain of reactions only 
at the terminal steps involving the cytochrome oxidase system. The 
mechanisms by which biological oxidations are carried out have been 
recently reviewed by Potter (1, 2) and by Ball (3). 

The fundamental type of reaction involved in the respiration chain is 
shown by the relationship 


dehydrogenase 
——eee — —_- => 


SH. + Ace P + AccH, 
Oxidizable Hydrogen Oxidized Reduced 
substrate acceptor product acceptor 


The oxidation of a substrate, thus, is accomplished by the removal of 
hydrogen atoms which pass to a hydrogen acceptor. This reaction pro- 
ceeds only in the presence of enzymes which are usually specific for the 
substrate and sometimes specific for the acceptor, such enzymes being 
classed as dehydrogenases. 

It is the purpose of this work to present data bearing on the problem of 
the mechanism of biological hydrogen transfer. For this study succinic 
acid dehydrogenase, an extensively studied enzyme typical of the dehydro- 
genase group, was selected, and use was made of deuterium to label the 
carbon-bound hydrogen atoms of succinic acid. 

The reaction catalyzed by succinic acid dehydrogenase is 


HOOC—CH,-—CH,—COOH + Ace —~ HOOC—CH=CH—COOH + AccH, 


Methylene blue has most frequently served as the hydrogen acceptor for 
succinic acid oxidations in vitro. In order to study any direct transfer of 
hydrogen atoms in the above reactions, it would be desirable to label the 


* These data are taken from a thesis presented by Ernest O. Weinmann to the 
Graduate School of the University of Southern California in partial fulfilment 
of the requirements for the degree of Master of Science. 
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hydrogen atoms of succinic acid, and then, after incubation with an acceptor 
such as methylene blue, to isolate the acceptor and determine its deuterium 
content. This is not feasible, however, since the removable hydrogens 
of quinoid dyes such as methylene blue are dissociable, and would not be 
expected to stay on the dye. The experiments were, therefore, planned 
and carried out in such a way as to avoid the oxidation of succinie acid, 
The exchange of deuterium and hydrogen bet ween the succinate and water 
and the influence of the enzyme upon this exchange were determined, 
In most cases no acceptor was added, but in a few experiments the effect 
of methylene blue on the hydrogen exchange was studied. 

Erlenmeyer, Schoenauer, and Siillmann (4) prepared deuterosuccinic 
acid and incubated it with succinic dehydrogenase in the presence of 
methylene blue. They found that the fumaric acid that was formed as 
well as the unchanged succinic acid contained a higher hydrogen to deu- 
terium ratio than the initial succinic acid, and suggested that hydrogen 
exchange occurred from the leucomethylene blue. 


Methods 


Preparation of Succinic Acid Dehydrogenase—The preparation of succinic 
acid dehydrogenase was based on the procedures of Ogston and Green 
(5) and Schneider and Potter (6). Rabbit kidneys were homogenized 
with a few ml. of distilled water in a test-tube homogenizer (Potter and 
Klvehjem (7)), care being taken to keep the temperature low throughout 
the process. The homogenate was diluted with distilled water to a volume 
equivalent to 3 times the weight of the kidneys, and was allowed to stand 
in the refrigerator for 30 minutes. It was then centrifuged at high speed 
for 30 minutes. The enzyme, contained in the supernatant liquid, was 
stored in a solid CO, chamber until used, which usually occurred within 
3 days of its preparation. 

The activity of the enzyme preparation was measured by the Thunberg 
technique. The main compartment of the Thunberg tubes contained 
0.5 ml. of the enzyme preparation, 0.2 ml. of 0.1 M phosphate buffer, pH 7, 
and 0.15 ml. of 20 per cent sodium succinate or distilled water. The side 
arms contained 0.1 ml. of 0.00033 per cent methylene blue. After evacua- 
tion and temperature equilibrium the methylene blue and enzyme were 
mixed, and the time necessary to reduce the methylene blue was noted. 
The enzyme activity was then calculated and expressed as the mg. of 
succinic acid oxidized to fumarie acid per hour per ml. of enzyme prepara- 
tion.' 


mol. wt. of SA 60 min. l 





Activity = mg. MB reduced X — - —_ xX — 
mol. wt. of MB reduction time mi. of enzyme 


‘MB = methylene blue; SA = succinic acid. 
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This calculation facilitated comparison between the rate of succinate 
oxidation and the rate of hydrogen exchange. 

Incubations—Unless otherwise indicated, the incubation’ were carried 
out anaerobically in small bottles of about 35 ml. capacity, filled, and 
sealed so as to exclude entry of oxygen. Known amounts of deutero- 
succinic acid were dissolved in water, neutralized to pH 7, and the desired 
aliquot pipetted into bottles. The amount of succinic acid incubated 
was always between 100 and 200 mg. 3 to 6 ml. of 0.1 M phosphate buffer 
(pH 7) was added to the bottle. The desired amount of enzyme was then 
added along with any special reagents such as methylene blue. The 
bottles were completely filled with distilled water and were sealed off 
by means of a screw top. The bottles were placed in a mechanical agi- 
tator at room temperature and gentle agitation continued throughout 
the incubation. The reaction was stopped by precipitating the pro- 
teins with phosphomolybdie acid, after which the succinic acid was 
isolated. 

Isolation of Succinie Acid—Succinie acid was isolated from the phos- 
phomolybdic acid filtrates of the incubation mixtures by a slight modifica- 
tion of the method of Goepfert (8). This method involves the oxidation 
of impurities with permanganate (Wood et al. (9)), extraction with diethyl 
ether in a continuous extractor, and precipitation of the succinate as the 
silver salt at pH 5.6. 

Determination of Deuterium—The silver succinate was analyzed for its 
deuterium content by methods described by Rittenberg and Schoenheimer 
(10) and Keston, Rittenberg, and Schoenheimer (11). A weighed amount 
of silver succinate (usually between 300 and 500 mg.) was oxidized by dry, 
hydrogen-free oxygen in a combustion furnace, and the water collected 
in a trap submerged in a dry ice bath. The combustion water was purified 
in a train of U-tubes by an alkaline permanganate oxidation, a chromic 
acid oxidation, and a redistillation. The amount of water resulting from 
the oxidation of the silver succinate was determined from the loss of weight 
of the first tube as the water was distilled off. 

Preparation of Deuterosuccinie Acid—Deuterosuccinic acid was prepared 
by dissolving ethyl fumarate in cyclohexane and saturating it with deu- 
terium in the presence of platinum oxide catalyst in the apparatus de- 
scribed by Rittenberg and Schoenheimer (10). The cyclohexane was 
distilled off at atmospheric pressure, and the ethyl deuterosuccinate was 
collected at 210-220°. This was saponified with an excess of sodium 
hydroxide, and the sodium salt of deuterosuccinie acid was purified by 
the permanganate oxidation and ether extraction process already de- 
scribed. The combustion water of the deuterosuccinate contained 34 per 
cent D.O, corresponding to 32.3 atoms per cent deuterium. 
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Results 


The results of incubating deuterosuccinic acid with kidney succinic 
acid dehydrogenase preparations are shown in Table I. A definite ex- 
change of hydrogen atoms of the solution with the deuterium atoms of the 
deuterosuccinate in the absence of enzyme was found in the controls 
(Experiments 1 and 4). However, in the presence of the enzyme prep- 
aration, a significant increase in the exchange was apparent in all experi- 
ments. The presence of methylene blue had no influence on the rate of 
exchange. The enzyme activity and incubation time of the experiments 
of Series I was such as to bring about the oxidation of 9.5 mg. of succinic 
acid. This is 5 per cent of the total succinic acid present. It is seen that 


TaBLe I 


Exchange of Hydrogen Ions with Deuterosuccinate 


D2O in 





Series | Experi- | Seid ins | Enzyme | ACCrHY | Viene | "tions | acid | combus- | Pet cent 
cubated enzyme blue period recovered wanet changed* 
me. ml. = me. Ars. gm. per cent 
I l 199 0 | 0 4 110 32.8 3.5 
. 2 199 15 0.158 | O 4 160 30.2 11.2 
- 3 199 15 0.158 | 11 4 125 30.9 9.] 
II 4 185 0 0.135 | 0 25 150 32.3 5.0 
Ka 5 185 25 0.135 0 4 137 28.3 16.8 
6 185 25 | 0.135 0 8 143 26.7 21.5 
“ 7 185 | 25 0.135 0 25 165 16.9 50.3 
ae 8 185 25 0.135 ll 25 157 17.8 47.7 
III 9 118 25 0.237 0 31 79 3.5 89.7 
* For cont embonaed « 34 — % DO in combustion water x 100. 








34 


the loss of deuterium from the succinic acid was also of this order of magni- 
tude, after the exchange in the absence of enzyme is subtracted. 

In Series II, the amount of enzyme and the incubation time were in- 
creased in order to accentuate the exchange. The exchange was increased 
by this procedure up to 50 per cent of the maximum possible with 25 ml. 
of enzyme and an incubation time of 25 hours. In Experiment 9 in which 
118 mg. of deuterosuccinic acid were incubated for 31 hours with 25 ml. 
of an enzyme having an activity of 0.237, 90 per cent of the deuterium 
atoms of deuterosuccinic acid was replaced by hydrogen atoms from the 
solution. 

The rate of hydrogen exchange can be roughly compared with the rate 
at which succinic acid would be oxidized in the presence of an acceptor 
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by calculating the latter from the enzyme activity and the incubation 


time. 


Succinate oxidizable = enzyme activity X ml. of enzyme X incubation time 


Such a calculation depends upon the assumption that the activity of the 
enzyme is not significantly changed during the incubation period. This 
assumption was verified by testing for the rate of methylene blue reduction 
of samples incubated under conditions identical with those prevailing in 
the experimental incubations. Usually the enzyme activity was slightly 
greater at the end of 24 hours than at the initiation of the experiment. 
The results of making this comparison are shown in Table II, where it is 
evident that the exchange of hydrogen and deuterium on the deutero- 


Tasie II 
Comparison between Per Cent Deuterium Exchange and Theoretical Per Cent of 
Succinate Oxidizible during Incubation Period 


. | 
r cent deuterium | . s ’ 
Per cent deuteri Per cent succinic acid 


Series No. Experiment No. ee | theoretically oxidizable* 


I | 2 .7 4.8 
“ 3 | 5.6 4.8 
II 5 16.0 7.3 
ee 6 19.9 14.6 
“ 7 45.3 45. 

o 8 42.7 45.6 
Ill 9 89.7 156.0 





* Calculated from the relation, enzyme activity X ml. of enzyme X incubation 


time. 


succinate proceeded at essentially the same rate as the oxidation of suc- 
cinate would have progressed had methylene blue been present. 
DISCUSSION 

From the data presented it becomes evident that the a- and a’-hydrogen 
atoms of succinic acid will exchange with hydrogen ions of the solution 
under the influence of an enzyme contained in kidney preparations. There 
are several explanations which might account for this effect. The most 
likely possibility is the presence of succinic acid dehydrogenase which 
catalyzes the oxidation of succinic acid to fumaric acid. Results in Table 
II show that the percentage of exchange noted is about the same as the 
percentage of succinic acid which could theoretically have been oxidized 
in the indicated period. This egreement supports the hypothesis, which 
we hold, that the same enzyme, succinic acid dehydrcgenase, is responsible 
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for both of the following reactions, oxidation of succinate (1) and hydrogen 
exchange (2). 


succinic 


HOOC-—-CH,—-CH:—COOH + MB a (1) 


dehydrogenase 
HOOC—-CH==CH—COOH + MBH, 
succinic 
HOOC—CH—CH—COOH + 2H* 
D D 


SW. ” e 

dehydrogenase 

HOOC—-CH—CH—COOH + 2D+ 
H H 


While succinic acid dehydrogenase may thus be considered the most 
likely cause of hydrogen exchange, other possibilities should be considered. 
Another unrelated enzyme present in the preparation might, for example, 
have catalyzed the exchange. 

An exchange of hydrogen atoms of a substrate with hydrogen ions of 
the environment is accompanied, of course, by a dissociation of hydrogen 
atoms into hydrogen ions and electrons. It thus would appear that 
hydrogen transfer in biological oxidations, even below the point at which 
the iron-containing cytochrome system comes into play, involves this 
dissociation of substrate hydrogen atoms. 

This interpretation is weakened by the fact that a crude enzyme prep- 
aration was used in these experiments and may have contained a naturally 
occurring intermediary acceptor. Such an acceptor might exchange its 
reducible hydrogens with hydrogen ions, and, being in equilibrium with 
the enzyme-succinate complex, could thus lower the deuterium content of 
the isolated succinic acid. This would be in accord with the conclusion 
of Erlenmeyer et al. (4) who postulated an exchange between hydrogen 
ions and the hydrogen atoms of leucomethylene blue produced in the 
oxidation of deuterosuccinic acid to fumarate. Similarly the enzyme 
might itself contain a reducible prosthetic group which could exchange 
hydrogen with the hydrogen ions of the environment. It is not possible 
from the data to draw conclusions as to whether the observed exchange 
occurs from the enzyme-substrate complex, from the enzyme prosthetic 
group, or from a hydrogen acceptor in the crude enzyme preparation. It 
is of interest to note in this connection that methylene blue, either in 
large amounts or in traces, did not influence the speed of the hydrogen 
exchange. This would support the interpretation that the mechanism 
of such an exchange depends upon the enzyme only, and is independent 
of any free acceptor. 

The data and interpretation given in this paper are in accord with the 
theory of the mechanism of succinic acid dehydrogenase action advanced 
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by Potter and DuBois (12). These workers suggest that the active center 
of succinic acid dehydrogenase consists of a sulfhydryl group located 
between the two carboxy! affinity points, 7.e. between the enzyme groups 
that bind the carboxyl groups of succinic acid. The enzyme was visualized 
as functioning by oscillating between the normal sulfhydryl form and its 
free radical, with electrons passing to the prosthetic group of the enzyme 
and hydrogen ions passing into the solution. 


SUMMARY 


By use of deuterium to trace the reaction it has been shown that an 
enzyme will anaerobically catalyze the exchange of the a- and a’-hydrogen 
atoms of succinic acid with hydrogen ions from the solution. Rate studies 
suggest that the same enzyme, succinic acid dehydrogenase, catalyzes 
this hydrogen exchange as well as the dehydrogenation of succinic acid 
to form fumarie acid. 
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STUDIES WITH BACTERIAL SUCROSE PHOSPHORYLASE 
I. THE MECHANISM OF ACTION OF SUCROSE PHOSPHORYLASE AS A 
GLUCOSE-TRANSFERRING ENZYME (TRANSGLUCOSIDASE)* 

By MICHAEL DOUDOROFF, H. A. BARKER, ann W. Z. HASSID 
(From the Department of Bacteriology and the Division of Plant Nutrition, 
College of Agriculture, University of California, Berkeley) 

(Received for publication, February 19, 1947) 


It has been shown that sucrose phosphorylase preparations from Pseu- 
domonas saccharophila catalyze the reversible reaction between glucose- 
l-phosphate and certain ketose sugars. This reaction results in the 
formation of sucrose and analogous disaccharides together with the lib- 
eration of inorganic phosphate (1-5). In the experiments reported here, it 
was observed that when glucose-1-phosphate and radioactive inorganic 
phosphate are added to enzyme preparations in the absence of ketose 
sugars, a rapid interchange of phosphate occurs between the organic and 
inorganic fractions. 

This indicated that the enzyme can liberate inorganic phosphate from 
glucose-l-phosphate without the production of an equivalent amount 
of glucose. The following reaction was postulated, 

Glucose-1-phosphate + enzyme +> glucose-enzyme + phosphate (1) 
The glucose-enzyme bond presumably retains the energy of the phosphoric 
ester linkage. This observation suggested that, an analogous reaction 
would occur between the enzyme and sucrose, with fructose being liberated 
instead of phosphate, 


Glucose-1-fructoside + enzyme + glucose-enzyme + fructose (2) 


Reactions (1) and (2) can account for the ability of the enzyme to sub- 
stitute a glycosidic linkage for a phosphoric ester bond. 

The postulated mechanism is strongly supported by experiments in 
which virtually phosphate-free enzyme preparations were found capable 
of synthesizing the sucrose analogue, glucosidosorboside, directly from 
sucrose and sorbose, 


Glucose-1-fructoside + sorbose +> glucose-l-sorboside + fructose (3) 
In like manner, sucrose was produced from its synthetic analogue, glu- 
cosidoketoxyloside and fructose, 


Glucose-1-ketoxyloside + fructose = glucose-1-fructoside + ketoxylose (4) 








*Supported in part by a grant from the Corn Industries Research Foundation. 


725 














726 BACTERIAL SUCROSE PHOSPHORYLASE. I 


These results show that sucrose phosphorylase not only catalyzes the 
substitution of glycosidic linkages for a phosphate linkage but also causes 
an exchange between equivalent glycosidic linkages. 


EXPERIMENTAL 


Reaction between Glucose-1-phosphate and Enzyme 


The sucrose phosphorylase preparation was obtained by methods pre- 
viously described, except that it was reprecipitated six times with 0.63 
saturated ammonium sulfate (6, 2). A dilute solution of the enzyme was 
incubated at 30° with 0.1 M potassium glucose-l-phosphute and 0.033 m 
potassium phosphate containing P®. Parallel experiments were conducted 
in which fructose and glucose were added separately to the above mixture. 


TABLE I 


Exchange of P® between Inorganic Phosphate and Glucose-1-phosphate 
Radioactivity found in fractions, 
counts per min. per micromole 
after 60 min. at 30 


Experiment No Reaction mixture 
Inorganic Glucose-1- 
phosphate phosphate 
l | 0.1 mM glucose-1-phosphate + 0.033 m 1098 (+40 0 (+1) 
inorganic phosphate 
2 Same as (1) but with enzyme prepara- 859 (+40 119 (+3) 
tion 
3 Same as (2) but with 0.06 m fructose SS6H (+40 99 (+3) 
{ | Same as (2) but with 0.12 m glucose 1096 (+40) 7 (+1) 





Fructose was used since it is known to participate in a reversible reaction 
involving glucose-l-phosphate and inorganic phosphate, while glucose 
has been previously shown to have a strong inhibitory action on sucrose 
phosphorylase (6). After incubation, the enzyme was inactivated by 
boiling, and the inorganic phosphate was precipitated as the barium salt, 
redissolved with acid, and reprecipitated for analysis. The remaining 
traces of radioactive inorganic phosphate were removed from the solution 
of glucose-l-phosphate by repeated additions of inorganic phosphate and 
its removal with barium. Chemical analyses were then made on the inor- 
ganic and organic fractions and radioactivity was determined with a 
Geiger counter. A control experiment, in which glucose-1-phosphate and 
radioactive inorganic phosphate were incubated together in the absence 
of enzyme, showed that no non-enzymatic exchange occurs between these 
compounds. 

The results of the experiment with sucrose phospborylase are presented 
n Table I. No appreciable formation of free glucose from glucose- 
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1-phosphate could be detected during the course of the experiment. Su- 
crose Was formed in the presence of fructose, but the rate of its formation 
was not determined. 

The experiment shows that P®* appeared rapidly in the glucose-1- 
phosphate fraction, even though a dilute enzyme preparation was used. 
In the presence of fructose, less P® was found in glucose-1-phosphate. 
This is due, at least in part, to a dilution of the radioactive phosphate 
with inactive phosphate liberated as a result of the synthesis of sucrose. 
The principal reason, however, must be the competition of fructose with 
phosphate for combination with glucose. 

The presence of glucose almost completely stops the exchange of P®. 
This is consistent with the observation that glucose inhibits phosphorylase 
activity and supports the view that glucose competes with glucose-1- 
phosphate for combination with the enzyme. 


Interconversion of Disaccharides in Absence of Phosphate 


In order to show that the enzyme can liberate fructose from sucrose 
without the formation of either free glucose or glucose-l-phosphate, an 
experiment was devised in which its ability to produce glucosidosorboside 
from sucrose in the absence of glucose-l-phosphate was tested. To 
prevent the accumulation of glucose-1-phosphate in the reaction mixtures, 
the enzyme preparations were rendered virtually free of inorganic phos- 
phate. The initial steps of obtaining the enzyme from dried cells of 
Pseudomonas saccharophila were identical with the previously described 
method. After three reprecipitations of the enzyme with ammonium 
sulfate from phosphate buffer, the protein precipitate was redissolved in 
phosphate-free 0.05 m citrate buffer at pH 6.7 containing 0.01 m KCI. 
The enzyme was precipitated with recrystallized ammonium sulfate at 
0.63 saturation. After three further reprecipitations from citrate buffer, 
carried out over a period of 2 days, the enzyme was redissolved in the same 
buffer mixture and used in the experiments. Such preparations were found 
to retain strong phosphorylase activity. The rate of glucosidosorboside 
formation is low, regardless of whether glucose-l1-phosphate or sucrose 
is used as substrate for the enzyme. For this reason, the experiments 
were of fairly long duration and a relatively high concentration of enzyme 
had to be used. Enzyme preparations from +1 gm. of dry cells were 
used per 20 ml. of final experimental solutions. As a result, an appreciable 
amount of reducing sugar was formed from sucrose in the course of the 
experiments. This phenomenon has been noted previously and is as- 
cribable to traces of invertase in the preparation. Less than 10-° m 
phosphate was found to be present in the final reaction mixtures. 

Sucrose was estimated from the reducing value obtained on hydrolysis 
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with invertase. Neither glucosidosorboside nor glucosidoketoxyloside 
is attacked to an appreciable extent by invertase. These compounds, 
therefore, could be estimated in phosphate-free mixtures from the difference 
between reducing values obtained upon hydrolysis with invertase and 
hydrolysis with 0.2 N HCI for 5 minutes at 100°. In experiments in which 
phosphate was added to the reaction mixture, the glucose-1-phosphate 
which was produced was measured as inorganic phosphate released on 
7 minutes hydrolysis with 0.1 N HCl. The glucosidosorboside produced in 
experiments conducted in the presence of phosphate was estimated from 
the difference between initial and final reducing sugar values obtained 


TABLE II 


Production of Glucosidosorboside from Sucrose 








aoe iis tn oii ‘ : Time of Sucrose | . . 
Benet | Additions wo coummepreerstion | Tncaba- | Total ecrose | “Show-” | huey 
No Experiments 1 and 2 at 30° , rolyzed produced 
hrs. me. per ml. 7 | omg. per ml, 
1,a | 0.05 m sucrose 2 | 0.3(+0.3)|/ 0 | 0 
b 0.05 ** " 0.14 m sorbose 2 2.9 (+0.3) 0 | 2.7 (40.3) 
c | 0.05 ‘ ae 0.14 ** bis 4 4.9 (+0.3) 0 4.4 (+0.3) 
d 0.05 * " 0.14 “ 2 3.0 (+0.3) | 0.2 2.2 (40.3) 
7X 10°4 mM Na.HPO, 
e 0.05 mM sucrose, 0.14 mM sorbose, 2 3.7 (+0.3) 2.4 | 0.6 (40.3) 
7X 10°° mM Na,sHPO, 
f 0.05 m sucrose, 0.14 mM sorbose,| 4 | 5.5 (+0.3) 2.38 2.5 (+0.3) 
7X 10°° mM NasHPO, 
2,a 0.06 M sucrose, 0.11 M sorbose | 3 | 4.9 (+0.3) | 0 | 4.6 (40.3) 


0.12 m glucose 








on hydrolysis with invertase and corrected for the decrease in reducing 
value due to the formation of glucose-1-phosphate. 

When sucrose and sorbose were added to the enzyme preparations in 
the absence of phosphate, sucrose disappeared and glucosidosorboside was 
formed (see Experiment 1, Table II). Since at equilibrium considerably 
less of the latter than of the former would be expected (3), the rate of 
transformation must decrease rapidly in the course of the experiment. 
The initial rate of conversion must, therefore, be greater than that which 
was observed for the first 2 hours. 

The initial rate of glucosidosorboside formation by the same enzyme 
preparation could be measured with a fair degree of accuracy when glucose- 
1-phosphate was used as substrate in place of sucrose, by determining the 
rate of the evolution of inorganic phosphate. In the presence of 0.14 M 
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sorbose, and 0.025 m glucose-1-phosphate, the initial rate of disaccharide 
synthesis was found to be 3.24 mg. per 2 hours per ml. at 30°. At this 
concentration, glucose-l-phosphate is not limiting to the rate of reaction. 
When the concentration of glucose-l-phosphate was reduced to 0.002 m, 
the initial rate was found to be 2.72 mg. per 2 hours per ml., while at 
0.001 m concentration, the rate was 2.14 mg. per 2 hours. It can be 
roughly computed from these data that with 10-* m glucose-1-phosphate 
the rate would be in the neighborhood of 0.06 mg. of glusosidosorboside 
formed per 2 hours per ml. Since the maximum limit of inorganic phos- 
phate present as impurity in the “phosphate-free’”’ reaction mixtures was 
found to be 10-5 m, this would be the maximum concentration of glucose- 
l-phosphate which could be attained. Since the observed rate of glu- 
cosidosorboside formation from sucrose approaches the maximum rate 
of synthesis from glucose-1-phosphate, it is clear that the interconversion 
of disaccharides cannot depend on a preliminary phosphorolysis and a 
subsequent utilization of the accumulated glucose-1-phosphate. 

This view is further supported by the fact that the addition of phosphate 
to reaction mixtures does not increase the rate of interconversion of disac- 
charides but decreases it. This inhibitory effect of phosphate is entirely 
in accord with the postulated hypothesis for the mechanism of enzyme 
action. Not only the phosphate, itself, but also the fructose liberated 
in the phosphorolysis must compete with sorbose for the enzyme-glucose 
complex. 

The hypothesis also requires that glucose will inhibit the conversion of 
sucrose to glucosidosorboside by competing with the glucose portion of the 
sucrose molecule for a position on the enzyme. The competition between 
glucose and sucrose has already been shown in studies of the phosphorolytic 
breakdown of sucrose (6). That the rate of interconversion of the 
disaccharides is indeed decreased by the addition of glucose is demonstrated 
by Experiment 2 (Table IT). 

The quantitative discrepancy between the sucrose disappearance and 
glucosidosorboside formation in both Experiments 1 and 2 (Table II) is due 
to the formation of reducing sugar, as explained earlier. 

Since the direct interconversion of related disaccharides is obviously a 
reversible process, an experiment was devised in which sucrose would be 
produced rather than consumed. This was particularly important, since 
the evidence for the identity of the non-reducing disaccharide produced 
from sucrose and sorbose was entirely circumstantial and not based on the 
isolation and identification of the sugar. Sucrose, on the other hand, can 
be identified with a fair degree of certainty with invertase. 

A phosphate-free enzyme preparation was allowed to act on a mixture 
containing 2 per cent fructose and 2 per cent a-p-glucosido-8-p-ketoxyloside 
which had been previously synthesized from glucose-l-phosphate and 
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ketoxylose (5). Sucrose was estimated with invertase and glucosido. 
ketoxyloside by acid hydrolysis in the same manner as was glucosido. 
sorboside in the previous experiments. 

After 1 hour of incubation at 30°, 2.5 (40.3) mg. of sucrose were formed 
per ml. and a total of 4.8 (+0.3) mg. per ml. was found after 3 hours. 
Approximately equivalent amounts of glucosidoketoxyloside disappeared, 

The initially observed rate of sucrose synthesis was found to be less than 
half of the maximum rate observed when glucose-1-phosphate was used as 
substrate in place of glucosidoketoxyloside in the presence of fructose. 
Since the reversible reaction between glucose-1-phosphate and ketoxylose 
is known to be slow (3), it may be inferred that the rate of decomposition of 
glucosidoketoxyloside rather than the rate of sucrose synthesis limited the 
total rate of interconversion of the disaccharides. 


DISCUSSION 


There can be no doubt that both the phenomena of isotope exchange 
between inorganic and organic phosphate and the interconversion of di- 
saccharides in the absence of phosphate are due to one and the same 
enzyme, which has been called “sucrose phosphorylase,” if the following 
considerations are taken into account: (1) Both processes are carried out 
vigorously by sucrose phosphorylase preparations which are virtually 
devoid of most otherenzymes. (2) Both reactions are inhibited by glucose. 
(3) Most significantly, the presence of phosphate depresses the rate of 
interconversion of disaccharides, indicating that phosphate competes with 
the ketoses for the enzyme which catalyzes this process. 

It appears, then, that the réle of the enzyme is to combine reversibly 
with the glucose residue of glucose-l-phosphate or of those disaccharides 
which can act as substrates, and to release the esterified phosphate or 
glycosidically bound sugar. The enzyme-glucose complex must retain the 
energy of the phosphate or glycosidic bond. The sucrose phosphorylase 
may, therefore, be considered as a glucose-transferring system which can 
react with a rather remarkable variety of substrates. In addition to re- 
acting with phosphate and carbonyl] groups of certain ketoses, the enzyme 
has been found to catalyze the addition of glucose to the secondary alcoholic 
group of at least one aldose (7). 

The reversible phosphorolysis of sucrose can now be interpreted as con- 
sisting of the following set of reactions. 

Glucose-l-fructoside + enzyme ene nll glucose-enzyme 
a 
i 


(sucrose) 
| + phosphate 


glucose-l-phosphate + enzyme 
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The direct interconversion of disaccharides may be illustrated by the pro- 
duction of sucrose from glucosidoketoxyloside: 


+ ketoxylose 
= => glucose-enzyme 


1 


| + fructose 


Glucose-1-ketoxyloside + enzyme + 


glucose-l-fructoside + enzyme 


(sucrose) 


The demonstration that the accumulation of glucose-1-phosphate is not 
necessary for the conversion of disaccharides does not preclude the possi- 
bility that phosphate does enter into the enzymatic reaction, possibly as a 
firmly bound coenzyme. It is impossible to tell whether the protein itself 
transfers the “‘energy-rich glucose” or whether a coenzyme which is closely 
associated with the protein is involved. It is possible, for instance, to 
visualize a carbohydrate residue which would be directly concerned with 
the glucose transfer and would act as a glucose-carrying coenzyme. 

The direct exchange of glycosidic linkages has been observed with other 
bacterial enzymes and discussed in previous papers (8,9). Thus, neither 
the production of dextran nor of levan from sucrose requires the accumula- 
tion of phosphoric esters. The enzymes which catalyze these reactions 
appear simply to exchange a glucosidofructoside linkage for a 1:6-gluco- 
sidoglucose bond in one case or for a 2:6-fructosidofructose bond in the 
other. 

Sucrose phosphorylase seems to belong to the same class of enzymes, 
although it has the additional power to attack the phosphate bond. It is 
quite possible that the better known phosphorylases which are involved in 
the synthesis of starch and glycogen are essentially similar in their mode of 
action. Since the transfer of glucose may be compared to the well known 
transmethylation and transamination reactions, as well as to the transfer 
of hydrogen atoms in biological oxidations, it would seem appropriate to 
consider sucrose phosporylase as a ‘“‘transglucosidase.”’” The general type 
of enzyme involved in the exchange of glycosidic bonds might then be called 
“transglycosidase.”’ 

It is quite possible that the production of many disaccharides and poly- 
saccharides in plant and animal tissues may depend on transfers of “energy- 
rich” sugar residues without the intermediate accumulation of phosphoric 
esters (9). The remarkable versatility of the sucrose phosphorylase sug- 
gests that one and the same enzyme might, in some cases, account for the 
formation of a number of different compounds. 

The direct synthesis of sucrose from glucosidoketoxyloside adds a third 
mechanism of biological synthesis of sucrose to those already studied in our 
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laboratory (1,8). It is, in reality, but a variant of the mechanism postu- 
lated from the indirect evidence of the reversible nature of levan synthesis, 

The strong competition of glucose with both glucose-l-phosphate and 
sucrose would indicate that the carbonyl atom of glucose is not greatly 
involved in the affinity of sucrose phosphorylase for the glucose portion of 
these compounds. Unpublished experiments have shown that xylose, 
xylose-l-phosphate, arabinose, galactose, and galactose-l-phosphate have 
a very much weaker inhibitory action on sucrose phosphorylase than does 
glucose. It seems probable, therefore, that the alcoholic groups away from 
the carbonyl group, possibly together with the pyranose ring structure, are 
important in determining the specificity of enzyme-substrate combination. 


SUMMARY 


1. A rapid exchange of P® was found to occur between inorganic phos- 
phate and glucose-1-phosphate in the presence of sucrose phosphorylase of 
Pseudomonas saccharophila and in the absence of ketose sugars. 

2. Virtually phosphate-free preparations of sucrose phosphorylase were 
found capable of interconverting sucrose and its analogue, glucosido- 
sorboside. 

3. By applying the same principle, sucrose was synthesized directly from 
glucosidoketoxyloside and fructose with the aid of the enzyme. 

4. Sucrose phosphorylase may be considered as a versatile ‘‘trans- 
glucosidase,’’ representing a class of enzymes which may be referred to as 
“transglycosidases.”’ 
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STUDIES WITH BACTERIAL SUCROSE PHOSPHORYLASE 
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In addition to sucrose, which has been synthesized by the reaction 
between glucose-1-phosphate and fructose under the influence of “sucrose 
phosphorylase” from Pseudomonas saccharophila, two new sucrose ana- 
logues have been prepared by the use of the same enzyme (1-4). In these 
disaccharides, L-sorbose and p-ketoxylose, respectively, were substituted 
for p-fructose. 

In the present studies, a survey of a number of other compounds was 
undertaken to determine whether they could be used as substrates for the 
enzyme. In the course of these studies, not only was a new analogue of 
sucrose, a-b-glucosido-L-ketoarabinoside, prepared, but also a new reducing 
disaccharide, 3-(a-p-glucosido)-L-arabinose. The remarkable dissimilari- 
ties in structure of the reducing and the non-reducing disaccharides at first 
made it seem unlikely that one and the same enzyme could catalyze the 
synthesis of both. The experimental evidence strongly indicates that 
sucrose phosphorylase is involved in the production of both sugars, a fact 
which poses interesting problems concerning the general nature of enzyme 


specificity. 
EXPERIMENTAL 


Methods 


The sucrose phosphorylase preparations were obtained from dry cells of 
Pseudomonas saccharophila by methods previously described (5, 1). Glu- 
cose-1-phosphate was prepared by the phosphorolysis of starch with potato 
phosphorylase. Maltose-1-phosphate, p-xylose-l-phosphate, and galac- 
tose-1-phosphate were synthesized chemically (6). Of the synthetic sugars 
used in the experiments, L-fructose was kindly supplied by Dr. M. Wolfrom, 
D-mannoheptulose by Dr. C. 8. Hudson, and p-ribose by Dr. J. W. Foster 


of Merck and Company. 
To obtain crude preparations of ketopentoses, the corresponding aldose 


*Supported in part by a grant from the Corn Industries Research Foundation. 
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sugars were autoclaved in the presence of phosphate buffers at or near 
neutrality. After passage through ion exchange columns to remove the 
added phosphates and acidie products of the reaction, the residual aldose 
Was, in some cases, largely removed from the crude syrup by the addition of 
alcohol and crystallization at low temperature. This method had been 
used previously in our laboratory to prepare crude p-ketoxylose from 
p-xylose (4), and crystalline p-tagatose from galactose. 

In the earlier studies it was thought that only the corresponding ketose 


was produced from its aldose analogue. However, it became apparent - 


that, at least in the case of pentoses, a further rearrangement occurs, in- 
volving the position of the hydroxy! on the 3rd carbon atom, so that at 
least two ketose sugars can be derived from a single aldose. Thus, the 
syrup obtained after autoclaving D-arabinose was shown to contain p-ke- 
toxylose. This became evident when sucrose phosphorylase was allowed to 
act on such a syrup in the presence of glucose-1-phosphate. The resulting 
disaccharide was identified as p-glucosido-p-ketoxyloside (see below). 
The formation of L-ketoarabinose from L-arabinose was proved in a similar 
way by the isolation of glucosido-L-ketoarabinoside after the enzymatic 
condensation of glucose-l-phosphate with the enolized products of L-arabi- 
nose. Identical chemical changes would be expected in the pb and 1 
isomers of the aldose when heated under identical conditions with phos- 
phate. This expectation was supported by the observation that changes in 
optical rotation which occurred in heated solutions of D- and L-arabinose 
were quantitatively equal, but opposite in sign. From this, it may be 
concluded that both p-ketoxylose and p-ketoarabinose were formed from 
D-arabinose, even though only p-ketoxylose was demonstrated directly. 
Similarly, both of the t-ketopentoses are probably formed from L-arabinose, 
even though only t-ketoarabinose was positively identified. Ketose de- 
rivatives were prepared from p- and L-arabinose, D-lyxose, pD-ribose, 
L-fucose, and L-rhamnose by autoclaving with phosphate. 

Solutions of crude dihydroxyacetone and erythrulose were prepared 
from glycerol and erythrytol, respectively, by the action of Acetobacter 
suboxydans. The bacteria were grown in well aerated culture media 
containing yeast extract, phosphate, and the homologous substrates. 
They were harvested by centrifugation, washed, and resuspended in one- 
fourth the original volume of a medium containing 6 per cent of the sub- 
strate, small amounts of NH,Cl, MgSO, , phosphate buffer, and an excess of 
CaCO;. These cultures were incubated with aeration until the increase in 
reducing value due to ketose formation had ceased. They were then 
freed of bacteria by centrifugation and passed through ion exchange 
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columns to remove inorganic salts and acidic products of bacterial 
metabolism. 

A solution of turanose was prepared by mild acid hydrolysis of mele- 
zitose followed by passage through ion exchange columns and the removal 
of the liberated glucose by fermentation with washed cells of Torula monosa. 

A mixture of short chain fructose polymers was made from dialyzed and 
alcohol-precipitated levan produced by Bacillus subtilis from sucrose (7). 
Three equal portions of a 10 per cent levan solution were treated with 
0.1 x HCl at 37° for 1, 2, and 3 hours, respectively, mixed, and passed 
through ion exchange columns. The liberated fructose was removed by 
fermentation with washed cells of Torula monosa. The resulting product 
had a reducing value approximating 25 per cent of that obtained on com- 
plete acid hydrolysis, and presumably contained fructosans having the 
2,6 linkage. 

The reaction between glucose-1-phosphate and various sugars was tested 
by adding the two components to an enzyme preparation and measuring the 
liberation of inorganic phosphate (2, 5). Inorganic phosphate produced 
in a control, in which only glucose-1-phosphate was added to the enzyme 
preparation, was subtracted, to allow for phosphatase activity, which, 
though slight, was detectable in all preparations. The reaction between 
analogues of glucose-l-phosphate and fructose was tested in the same 
manner. When possible, the changes in reducing value of reaction mixtures 
were also determined to establish whether a reducing or non-reducing 
disaccharide was produced. 

Substitutions for Glucose-i-phosphale—No enzymatic reaction whatever 
could be observed between D-xylose-1-phosphate or D-galactose-1-phosphate 
and fructose, the evolution of inorganic phosphate being identical with that 
in D-fructose-free controls. 

With maltose-1-phosphate, the addition of D-fructose to the reaction 
mixture caused a slightly greater production of phosphate than that 
observed in the control. This reaction, however, was so slow that it was 
impossible to establish whether maltose-l-phosphate itself was involved 
in a direct condensation with fructose. This was especially true, since 
glucose-1-phosphate may have been present as an impurity in the maltose 
phosphate or have been produced by the slow hydrolysis of the maltose 
linkage by the enzyme preparation. 

That melibiose-1-phosphate cannot react with fructose was shown by the 
inability of the enzyme to phosphorolyze raffinose. 

Formation of p-Glucosido-p-kctoxyloside—The preparation and properties 
of crystalline a-p-glucosido-g-p-ketoxyloside has already been described in 
detail (4). The crude syrup containing p-ketoxylose, which had been used 
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for the first synthesis, had been made by autoclaving p-xylose in the 
presence of phosphate and partially removing the parent sugar by 
crystallization.' ; 

No reaction whatever could be observed when D-arabinose was added to 
glucose-1-phosphate and enzyme. When, however, solutions of p-arabinose 
were enolized with phosphate, the resulting mixture of sugars caused a 
significant production of inorganic phosphate from glucose-1-phosphate, 
accompanied by a decrease in the total reducing value. To identify the 
disaccharide produced in this reaction, the experiment was carried out ona 
large scale and the product isolated in crystalline form. 15.5 gm. of syrup 
were prepared by autoclaving p-arabinose with phosphate, passing the 
solution through ion exchange columns, concentrating it im vacuo, and 
removing a large portion of unconverted b-arabinose by crystallization in 
the cold. This syrup was allowed to react with 33 gm. of glucose-1- 
phosphate and an enzyme preparation from 3 gm. of dry cells of Pseudo- 
monas saccharophila. The mixture was incubated for 12 hours at 37° and 
pH 7.5 in the presence of 0.1 mM barium acetate. The reaction mixture was 
then treated in the manner previously described (4), the reducing sugars 
being removed by extraction of their osazone derivatives with ethyl acetate. 
A yield of 0.435 gm. of crystalline non-reducing disaccharide was obtained 
in this reaction. This disaccharide was proved to be identical with the 
previously described o-p-glucosidos-p-ketoxyloside.” 

The identification of the synthetic sugar as a ketoxyloside proves that 
p-ketoxylose is formed from b-arabinose upon treatment with phosphate 
at high temperature. All attempts to demonstrate the formation of a 
ketoarabinoside were unsuccessful. Since p-ketoarabinose was probably 
present in the reaction mixture (see the discussion above), the negative 
evidence indicates that this sugar cannot function as a glucose acceptor 
with this enzyme.’ 

' It would be expected that p-lyxose, like p-xylose, would yield p-ketoxylose after 
similar treatment. A solution of p-lyxose was autoclaved with phosphate buffer at 
pH 7.0, passed through ion exchange columns, and added to a mixture of phos- 
phorylase and glucose-1-phosphate. There resuited a rapid liberation of phosphate 
which was comparable to that described in experiments with the syrup obtained from 
p-xylose. v-Lyxose, itself, like p-xylose, was inactive. 

* Identical specific rotation before and after hydrolysis; identical x-ray diffraction 
pattern; ketoxylose component identified as the osazone upon hydrolysis of the 
disaccharide and removal of glucose by fermentation. 

’ The close relationship between p-arabinose and p-ribose would suggest that 
identical ketose derivatives would be obtained from the two sugars on heating with 
phosphate. When p-ribose was thus treated and the resulting mixture used as 
substrate for the enzyme, a rapid evolution of phosphate from glucose-1-phosphate 
was observed, presumably owing to the formation of glucosidoketoxyloside. The 
addition of untreated p-ribose, unlike that of p-arabinose, resulted in a very slight 
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Enzymatic Synthesis of Reducing Disaccharide, 3-(a-D-Glucosido)-t- 
arabinose—Since all of the previously studied condensation reactions 
catalyzed by sucrose phosphorylase involve the reaction of glucose-1- 
phosphate or a suitable disaccharide with a ketose, it was surprising to find 
that the addition of L-arabinose, an aldose sugar, to enzyme preparations 
resulted in a relatively slow but continued evolution of phosphate from 
glucose-1-phosphate. Instead of a decrease in reducing value, such as had 
been observed in the formation of sucrose analogues, an increase in reducing 
value was observed in the reaction with L-arabinose. 

The estimation of glucose in the reaction mixtures by fermentation with 
Torula monosa showed that the observed increase in reducing value was not 
accounted for by any direct or indirect production of glucose from glucose-1- 
phosphate, nor was there any evidence of easily hydrolyzable non-reducing 
disaccharide among the products of the reaction. 

To determine what compound was formed in the condensation, a mixture 
of L-arabinose and glucose-1-phosphate was incubated in the presence of the 
enzyme. The unused glucose-1-phosphate was removed by precipitation 
with alcohol, and the unused L-arabinose by fermentation with a selected 
strain of Escherichia coli. The removal by extraction of its osazone 
derivative was precluded by the reducing nature of the synthesized product. 
After passage through ion exchange columns and concentration of the 
solution in vacuo, the remaining sugar was crystallized from alcohol. This 
was found to be a reducing disaccharide, p-glucosido-L-arabinose. Unlike 
the sucrose analogues previously prepared with the aid of the enzyme, the 
new sugar is not easily hydrolyzed with acid and does not give the “Raybin”’ 


[ | [ | 
| H—C~ H—C—OH 
| H-—C—OH ~O__ H—C—OH | 
O ea es O 
| HO—C—H ~C-H | 
| H—C—OH HO—C—H | 
| | | 
Lg CH,—— 


CH,OH 
(D 





production of phosphate. This reaction was too weak, however, to determine 
whether the ribose itself was involved, since the quantity of the sugar available was 


small and its purity was not established. 
‘A complete description of the method of preparation, study of the structure, and 


properties of the new disaccharide will be published elsewhere. 
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reaction with diazouracil characteristic of the sucrose linkage. A study of 
its derivatives indicates that its structure is 3-(a-p-glucosido)-L-arabinoge 
with both the hexose and the pentose units in the pyranose (six-membered 
ring) form. ‘The formula may be written as in (1). 

It seemed exceptional for a single enzyme to catalyze two such diverse 
reactions as that involving the 2nd (carbony]) carbon of a ketose on the one 
hand, and the 3rd (alcohol) earbon of an aldose, on the other. It was, 
therefore, necessary to eliminate the possibility that the enyzme prepara- 
tions might contain two different phosphorolytic enzymes which carry 
out the two reactions. , 

That sucrose phosphorylase is involved in the reaction with L-arabinose 
was established beyond reasonable doubt by the following experiment. 


TABLE I 
Initial Rate of Inorganic Phosphate Production from Glucose-1-phosphate in Pre sence 
of Sucrose Phosphorylase upon Addition of Fructose and Arabinose 
Dilute enzyme preparation incubated with 0.1 m glucose-1-phosphate with the 
additions indicated below at 30°. 


Rate of total evolution of 


Additions phosphate, micromoles 
per ml. per hr 
u/4 L-arabinose 2.1 (+0.2 
u/64 p-fructose 3.1 (40.2) 
u /64 " + m/4 L-arabinose 4.1 (+0.2) 
u/4 “ 9.7 (40.2 
u/4 “6 + u/4 L-arabinose 8.6 (-+0.2 


p-Fructose and L-arabinose were added separately and in combination 
to samples of a solution containing glucose-l-phosphate and enzyme. 
The p-fructose concentrations were so selected as to give the maximum rate 
of sucrose formation, in one case, and a lower rate, in which the p-fructose 
concentration was the limiting factor, inthe other. The total initial rate of 
phosphate evolution was measured in each case. The results are presented 
in Table I. 

It is apparent that, when L-arabinose is added to a mixture in which the 
p-fructose concentration is insufficient to allow the maximum rate of 
reaction, an increase in the total utilization of glucose-1-phosphate results. 
The same amount of L-arabinose, however, when added to a mixture 


in which the p-fructose concentration is not limiting, causes a decrease in 
the total rate of phosphate evolution. This indicates clearly that both 
p-fructose and L-arabinose are competing for the same enyzme. 
Additional evidence that the same enzyme is involved in reactions with 
both p-fructose and L-arabinose may be summarized as follows: (1) The 








enz 
suc’ 
p-g! 
p-fr 
ina 
pur 
rela 
altl 
mal 
the 
tior 
acti 


Effe 





vol 
the 
it i 
b-g 
org 
exc 
sid 
Fr 
mu 
fro 
am 
rea 





se 








DOUDOROFF, HASSID, AND BARKER 739 


enzyme catalyzing both reactions is produced to a marked extent when 
sucrose is used as substrate for the growth of the organisms, but not when 
-glucose or L-arabinose is used. (2) The relative rates of reaction with 
p-fructose and L-arabinose, respectively, remain constant after partial 
inactivation by heat (see Table II). (3) In the preparation and partial 
purification of phosphorylase from the crude extract of dried cells, the 
relative rates of reaction with D-fructose and L-arabinose remain constant, 
although the total activity towards both is considerably decreased and 
many other enzymes are destroyed or removed. (4) On fractionation of 
the enzyme preparation with ammonium sulfate (33 to 40 per cent satura- 
tion; 40 to 45 per cent saturation; 45 to 63 per cent saturation), the relative 
activities of the three fractions are the same for both sugars 


TABLE II] 
Effect of Various Treatments of Sucrose Phosphorylase Preparations on Initial Rate 
of Tnorganic Phos phate Formation from Glucose-1 phos phate in Presence 
of Fructose and of L-Arabinose. Re spective ly 


| 
With fructose With arabinose 


1. Initial activity remaining after heating at 55-56° for 6 


min., % | 63 (+2 | 65 (+3) 
2. Initial activity of dry cell extract remaining after par | 
tial purification of preparation by repeated pre-| 
cipitations, © | 27 (+2) 26 (+2) 
3. Total recovered activity of preparation appearing in 
fractions precipitated with (NH,4).S04, % | 
(a) 0.33-0.40 saturation 36 (+2) 38 (+2) 
(b) 0.40-0.45 44 (+2) 42 (+2) 
(c) 0.45-0.63 20 (+2) 20 (+2) 


The above considerations indicate not only that the same enzyme is in- 
volved in both reactions, but also that no additional enzyme is required for 
the formation of p-glucosido-L-arabinose. Technical difficulties have made 
it impossible so far to determine the equilibrium constant for the reaction, 
p-glucose-1-phosphate + L-arabinose <> p-glucosido-L-arabinose + in- 
organic phosphate. The principal difficulty is that the reaction becomes 
exceedingly slow as the L-arabinose concentration decreases or when con- 
siderable inorganic phosphate is produced from glucose-1-phosphate. 
From a few experiments it is apparent that the equilibrium may be very 
much further to the right than that for sucrose synthesis. The reaction 
from right to left is extremely slow; it is necessary to use relatively large 
amounts of synthetic disaccharide and inorganic phosphate to detect the 


reaction at all. 
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Synthesis of a-p-Glucosido-g-i-ketoarabinoside-—-When enolized L-arabj. 
nose was tested as substrate for sucrose phosphorylase activity, it became 
apparent that a reaction different from that observed with L-arabinose takes 
place. 

The L-arabinose was autoclaved in the presence of phosphate and the 
resulting solution was treated according to the methods already described 
to remove inorganic salts and as much of the parent sugar as possible. 

When the resulting syrup was added to the enzyme preparation together 
with glucose-1-phosphate, an evolution of inorganic phosphate was ob- 
served. Although the initial rate of reaction appeared to be approximately 
equal to that observed with L-arabinose, the phosphate production soon 
stopped, indicating that an equilibrium condition had been reached, as in 
the case of p-fructose, L-sorbose, and L-ketoxylose (2, 5).5 Instead of an 
increase in reducing value such as had been observed with L-arabinose, a 
decrease was noted in the reaction with the enolized syrup. To obtain the 
disaccharide in pure form, the same general procedure was used as that 
described for the isolation of glucosido-p-ketoxyloside, except that L-arabi- 
nose was used in place of p-xylose and D-arabinose. About 800 mg. of 
non-reducing, easily hydrolyzable crystalline disaccharide were thus 
obtained. On hydrolysis, the sugar was shown to yield p-glucose and 
L-ketoarabinose, which was identified through its osazone derivative. This 

disaccharide, like the other sucrose analogues prepared with the phos- 
phorylase, gave the Raybin reaction. The disaccharide may be assumed 
to be a-p-glucosido-@-L-ketoarabinoside and to have the structure shown 
in (Il). The purity of the isolated compound indicates that no p-gluco- 





CH.OH 
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| 
a C | 
| | 
H—C—OH HO—C—H | 
Oo | O 
| HO—C—H HO—C—H | 
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| H—C—OH it nih 
| 
L____§¢C—H 
CH.OH 
(ID 


sido-L-ketoxyloside is formed in the reaction. Since ketoxylose may be 
assumed to be present in the enolized syrup on the basis of the earlier 
’ Unfortunately, it has been impossible to determine the equilibrium constant for 


the reaction, since the relative amounts of the various sugars in the crude syrup 
cannot yet be determined. 
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experiment, it seems likely that the L isomer of this compound is not a 
suitable substrate for the enzyme. 

Reaction with Other Carbohydrates—In experiments outlined above and 
reported previously (5), it has been shown that the following sugars and 
their derivatives do not show any reaction with glucose-1-phosphate in the 
presence of sucrose phosphorylase: D-glucose, D-mannose, D-galactose, 
fructose-6-phosphate, fructose-1 ,6-diphosphate, D-arabinose, D-xylose, and 
p-lyxose. The reaction with p-ribose is doubtful and at best very weak. 
In addition, there is strong circumstantial evidence that neither p-keto- 
arabinose nor L-ketoxylose is a suitable substrate for the enzyme. The 
following carbohydrates were also tried and showed no increase in phos- 
phate liberation from glucose-1-phosphate: p-tagatose, L-fructose, p- 
mannoheptulose, L-fucose, L-rhamnose, degraded levan, and turanose. 
The non-reactivity of turanose was also shown by the inability of the 
enzyme to phosphorolyze melezitose. 

When t-rhamnose and L-fucose were autoclaved in phosphate buffer 
and added to mixtures of phosphorylase and glucose-1-phosphate, a slight 
reaction was observed with the former and a rather pronounced production 
of inorganic phosphate with the latter. It seems most likely that methyl- 
ketopentoses were produced by enolization of the methyl aldopentoses and 
that such a compound derived from fucose was readily utilized as substrate. 
The experience with p- and L-arabinose shows that, at least in some cases, 
more than one ketose may be formed by such treatment of an aldose. 
While it may, therefore, be postulated that the product or products of 
condensation of enolized methyl pentoses are glucosidomethylket opent oside 
analogues of sucrose, their true composition is not yet known and can only 
be established by their isolation in pure form. 

When crude dihydroxyacetone and erythrulose preparations were used 
as substrates, a very slow evolution of inorganic phosphate from glucose- 
1-phosphate was observed. It could not be established, however, that this 
was due to phosphorylase activity, since the compounds are very active 
chemically and appeared to act on glucose-1-phosphate even in the absence 
of enzyme. On prolonged incubation, and particularly on heating, mix- 
tures of these sugars with glucose-1-phosphate become acid and show the 
presence of inorganic phosphate. The slight increase in phosphate pro- 
duction with the enzyme may well be due either to the direct interaction of 
the ketoses with glucose-1-phosphate or to the indirect effect of pH changes 
on the phosphatase activity of the preparations. 


DISCUSSION 
It has been shown that sucrose phosphorylase may be regarded as a 
“transglucosidase,’’ which catalyzes the transfer of “glucose’’ to a variety 
of acceptors (8). The enzyme appears to be very specific with regard to 














the glucose portion of its substrates. The 


show a considerable diversity of structure 


Taste III 
Reactions with Glucose-1 phosphate in Prese 


Compounds reacting (inorgan 


Class phosphate evolved from 
glucose-1-phosphat 


Ketotriose 
Ketotet rose 
Aldopentoses 


L-Arabinose 
Ketopentoses dD Ketoxylose 
L-hetoarabinose 
Methy! pentoses Undetermined methyl] 
ketopentose 
Aldohexoses 


Ketohexoses p-Fructose 


L-Sorbose 


Fructose derivatives 
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“slucose acceptors,” however, 


So far, three tvpes can be 


‘ of Sucrose Phosphor jlase 


Compounds showing no reaction 
or doubtful reaction* 


Dihydroxyacetonet 
Krythruloset 
p-Xylose 

Db | Vxose 
p-Riboset 
p-Arabinose 
L-Ketoxylose?§ 

D Ketoarabinose 2$ 
L-Fucose 
L-Rhamnose 
p-Glucose 

D Mannose 
p-Galactose 


L-Fructose 


»b-Tagatose 

p-Mannoheptulose 

Fructose-6 phosphate 

Fructose-1,6-diphosphate 

Turanose (3-(glucosido) -p-frue 
tose 

Degraded levans (6-(fructo 
sido)-p-fructose and poly- 


mers 


* No reaction recorded when phosphate evolution from glucose-1 phosphate in 


presence of M/6 substrate falls within the experimental error of the determination 


and is less than 1 per cent of the rate with fructose. 
t Very slight evolution of phosphate observed but cannot be directly attributed 


to phosphorylase. 


t Apparent slight reaction, but purity of p-ribose not certain. 

§ Circumstantial evidence only that these sugars do not react based on isolation 
of pure glucosido-p-ketoxyloside from phosphate-treated pD-arabinose and of gluco- 
sido-L-ketoarabinoside from phosphate-treated L-arabinose. 


Phosphate-treated L-fucose. 


distinguished: (1) inorganic phosphate; (2) ketose sugars; (3) an aldose 


sugar, L-arabinose. 


Phosphate, which appears to be the best acceptor for the ‘‘energy-rich 
glucose,” is quite different from both of the other types in size and shape. 
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The ability of the enzyme to use arsenate in place of phosphate has not yet 
been tested. 

It seems appropriate at this point to compare the various sugars which 
can be substituted for the phosphate group of glucose-1-phosphate to see 
what features they may have in common (Table ITI). 

The ketoses which can act as glucose acceptors have a general struc- 
tural similarity, but there are certain exceptions which make it impossible 
to define exactly the structural specificity which makes them suitable sub- 
strates for the enzyme. 

.It is obvious that large radicals attached to the ketoses may make them 
unsuitable as substrates. Thus, the phosphate radicals of the fructose 
phosphates, as well as the sugars glycosidically bound to fructose in turanose 
and degraded levulan, prevent the fructose from reacting, even though in 
some of these compounds the fructose is known to exist in the furanose 


form. 
A general formula for the first three disaccharides synthesized with the 
aid of the enzyme may be written as indicated (IIT). In sucrose, R is : 


CH,OH 





R’ 





H OH OH H 
(II) 


hydrogen atom, while R’ is a primary alcohol group. In p-glucosido-a-L- 
sorboside, R is a primary alcohol group, while R’ is a hydrogen atom. 
In glucosido-8-p-ketoxyloside, both R and R’ are hydrogen atoms. 

The formula of the new non-reducing disaccharide, glucosido-8-L-keto- 


arabinoside may be represented as in (IV). It will be seen that this differs 


CH.OH 
| 





H OH OH OH 
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from the formula for glucosido-p-ketoxyloside only in the configuration 
of hydrogen and hydroxyl groups about the 4th carbon atom of the pen- 
tose. ‘The common features of the various ketoses which have been found 
to react may be, therefore, diagrammatically represented as in (V). In 


CH:0H R 





OH R’ 


OH _ 
(V) 


this diagram R and R’ represent either hydrogen or primary alcohol 
groups, while R” and R’” represent hydrogen or hydroxy! groups. 

The above structure is not present in L-fructose, L-ketoxylose, or p-keto- 
arabinose, which sugars are apparently unable to act as substrates for the 
enzyme. On the other hand, a similar structure does exist in the furanose 
(five-membered ring) form of D-tagatose and of D-mannoheptulose. How- 
ever, neither of these sugars reacts in the presence of the enzyme. This is 
somewhat surprising, since the non-reacting D-tagatose bears the same rela- 
tionship to the reacting L-ketoarabinose as p-fructose does to p-ketoxylose. 
It appears that with these compounds the relative positions of the terminal 
primary alcohol group and the adjacent hydroxyl groups are important, no 
reaction taking place if they are at R’ and R’” respectively. The additional 
aleoholic group in mannoheptulose may well interfere with the reaction. 
Besides, it is not known whether either sugar exists to any extent in the 
furanose form which is stabilized in the non-reducing disaccharides and 
might well be a prerequisite for the reaction to take place. 

The structure of 3-(a-p-glucosido)-L-arabinose is so fundamentally dif- 
ferent from that of the reducing sugars that no obvious conclusions can 
be drawn as to the chemical configurations responsible for the affinity of 
the enzyme for L-arabinose. Not only is a secondary alcoholic group in- 
stead of a carbonyl group involved in the linkage, but the sugar is in the 
pyranose rather than the furanose form. For comparison with the non- 
reducing disaccharides, its structural formula is shown in (VI). It is 
unlikely that the phosphorylase causes a primary condensation of p-glucose 
with L-arabinose through the carbonyl] atoms of both and that a rearrange- 
ment takes place later. A spontaneous rearrangement of this sort would 
not be expected and, indeed, an analogue of the possible primary condensa- 

tion product, p-xylosido-p-glucoside, is known to exist as a stable compound 
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CH:0H H 





(v1) 


(9). That an enzymatic rearrangement does not take place is indicated by 
evidence which has been presented that a single enzyme is involved in the 
synthesis of glucosido-L-arabinose. 

The demonstration that one and the same enzyme may catalyze such 
apparently dissimilar reactions as the syntheses of reducing and non- 
reducing disaccharides and of glucose-l-phosphate indicates that super- 
ficially dissimilar compounds or linkages may depend on a single enzyme 
for their production. It also indicates that at least,in some cases the 
affinity of an enzyme for a substrate does not depend on the obvious chemi- 
cal groups of the latter but possibly on subtle spacial relations which can 
only be elucidated by further study. 

The available evidence indicates that the equilibrium in the reaction, 
p-glucose-1-phosphate + L-arabinose <> p-glucosido-L-arabinose + phos- 
phate, is far to the right as compared with the equilibrium shown for 
sucrose synthesis. The difference in the apparent equilibrium could be 
explained if the bond energy of the reducing disaccharide were smaller than 
that of sucrose. No definite information regarding this point could be 
found. However, with phosphate esters (glucose-1-phosphate, glucose-6- 
phosphate) it is known that the linkage to the carbonyl group has a higher 
energy content than that to an alcoholic group. Similar relations probably 
apply to glycosidic linkages of reducing and non-reducing disaccharides. 
This has been postulated as one of the reasons for the almost irreversible 
nature of the reactions involved in the synthesis of dextran and levan from 
sucrose (8). Another consideration which must be taken into account in 
explaining the difference in apparent equilibria is the possibility that only 

‘In a previous estimation of the equilibrium constant for the reaction between 
glucose-l-phosphate and p-ketoxylose (2), the concentration of p-ketoxylose in the 
experimental solutions was determined by polarimetric analysis on the assumption 
that only one ketose is formed to any extent by enolization of a given aldose with 
phosphate. In view of the demonstration that more than one ketose may be formed 
on autoclaving arabinose in the presence of phosphate, the previously determined 
equilibrium constant for this reaction may be inaccurate. 
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the furanose form of sugars like p-fructose and L-sorbose is involved in the 
reaction and this form constitutes only a fraction of the total amount of 
ketose present at equilibrium. 

The synthesis of p-glucosido-L-arabinose appears to be the first example 
of an in vitro enzymatic synthesis of a reducing disaccharide directly from 
hexose units. The only other reducing disaccharide which has been 
synthesized enzymatically in vitro is maltose, formed from glucose-1- 
phosphate by the successive use of starch phosphorylase and amylase, 


SUMMARY 


1. A new non-reducing disaccharide has been prepared from glucose-1- 
phosphate and enolized L-arabinose with the aid of sucrose phosphorylase 
preparations from Pseudomonas saccharophila. This disaccharide has been 
identified as a-p-glucosido-@-L-ketoarabinoside. It is analogous to sucrose 
in structure and certain chemical reactions. 

2. A new reducing disaccharide has been synthesized from glucose-1- 
phosphate and L-arabinose with the same enzyme preparations. This has 
been identified as 3-(a-p-glucosido)-L-arabinose. Unlike sucrose and its 
analogues, this sugar has a free carbonyl group, is difficultly hydrolyzable 
with acid, does not give the Raybin reaction with diazouracil, and contains 
both monosaccharide components in the pyranose (six-membered ring) 
form. 

3. It has been demonstrated that both the reducing and non-reducing 
disaccharides are produced by the same enzyme and the possibility that an 
additional enzyme may be involved in the synthesis of p-glucosido-.- 
arabinose has been shown to be remote. 

4. A number of other compounds have been tested as substrates for 
sucrose phosphorylase, both as substitutes for p-glucose-1-phosphate and 
for p-fructose. 
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AN ENZYMATIC METHOD FOR THE DETERMINATION 
OF URIC ACID IN WHOLE BLOOD* 


By WALTER D. BLOCK anp NAOMI C. GEIB 


(From the Department of Biological Chemistry and the Rackham Arthritis Research 
Unit,}Medical School, University of Michigan, Ann Arbor) 


(Received for publication, March 13, 1947) 


In 1939 Blauch and Koch (1) published an enzymatic method for the 
colorimetric determination of uric acid in whole blood. This method 
involves the use of the enzyme uricase for the specific destruction of uric 
acid. ‘True uric acid” values were obtained by the difference in the in- 
tensity of color produced before and after incubation with the enzyme. 
The authors reported “true uric acid’? values for normal whole blood 
averaging 2 mg. per cent and non-uric acid chromogenic values, calculated 
as uric acid, 1 mg. per cent. Recoveries of uric acid added to whole blood 
before deproteinization averaged 93.5 per cent. 

Bulger and Johns (2) later published a method similar in principle to 
that of Blauch and Koch. ‘True uric acid” was estimated by determining 
the reduction of alkaline ferricyanide by protein-free filtrates of plasma 
before and after uricase action. Recoveries of uric acid added to plasma 
were quantitative. Average values for normal plasma were 4 mg. per cent 
of “true uric acid” and 1.7 mg. per cent of non-uric acid. These workers 
suggested, as an explanation of the discrepancy between their results and 
those obtained by the method of Blauch and Koch (1), that in the latter 
procedure there is a depression of color development with phosphotungstic 
acid due to the presence of substances in the tungstate filtrate of blood, 
which do not, however, influence the reduction of alkaline ferricyanide. 
A colorimetric modification of the Bulger and Johns method has been 
recently published by Silverman and Gubernick (3). Lower non-uric 
acid values than Bulger and Johns reported were obtained by these workers 
(less than 1.0 mg. per cent); however, this procedure is still not applicable 
to whole blood. 

In view of the fact that there are many inherent errors in the Blauch and 
Koch (1) method and that the Bulger and Johns (2, 3) procedure is some- 
what involved and cannot be applied to whole blood, we thought it worth 
while to reinvestigate the problem and to attempt to develop a specific 
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School of Graduate Studies of the University of Michigan. 


747 








748 DETERMINATION OF URIC ACID 


method tor the determination of uric acid which could be applied to whole 
blood, as well as to plasma and serum, and to adapt the method to the 
photoelectric colorimeter. 

Early in the investigation it was found that if the Folin reagents (4). 
namely phosphotungstic acid and urea-cyanide, were used, a constant 
center setting on the photoelectric colorimeter could not be obtained 
because of a gradual development of color due to the reagents. Blauech 
and Koch (1) experienced the same difficulty. However, it was found by 
one of us in previous work (5) that by employing the arsenophosphotung- 
stic acid reagent of Benedict (6) and the urea-cyanide reagent of Christman 
and Ravwitch (7) no color developed due to the reagents and a constant 
center setting could be obtained on the colorimeter. 

Accordingly, these reagents were employed and a standard urie aeid 
calibration curve was established. The desired volume of standard uric 
acid solution (lithium carbonate standard) (5) was measured into a 25 ee. 
volumetric flask, 2.5 ec. of urea cyanide and 2.0 ec. of arsenophosphotung- 
stic acid (6) (diluted 1:4) were added, and the flasks were immediately 
made to volume. The color was read at 40 minutes in the photoelectric 
colorimeter with Filter 660. It was found that the color did not follow 
Beer’s law over the desired range of concentrations, so that it was necessary 
to use a calibration curve. 

Using the curve thus obtained, we applied this direct procedure to whole 
blood and to plasma. It was found that if varying amounts of the same 
filtrate of whole blood (3 to 10 ce.) were analyzed, different values in terms 
of mg. per 100 cc. were obtained. However, with plasma filtrates the 
uric acid values did not show as great a variation (Table I). In addition, 
for a fixed amount of filtrate recoveries of added uric acid varied from 95 
to 130 per cent. 

In view of these findings it was apparent that this direct procedure 
with uricase could not be used, first because the recoveries of uric acid 
added to whole blood and plasma were inaccurate and, second, because 
the directly determined uric acid in whole blood varied with the volume 
of protein-free filtrate employed (Table I). This factor is particularly 
important in view of the fact that 5 ce. of protein-free filtrate are used for 
the determination of total chromogenic value and 10 ec. for the non-urie 
acid chromogenic value. 

Discrepancies in uric acid values found in whole blood and serum have 
been previously reported (8, 9), and it has been felt that the method for 
whole blood is less reliable because of the concentration of interfering 
substance in the red cells. Ergothioneine and glutathione both exist in 
high concentrations in the human red cell. Because these substances are 
removed in the Newton (10) method for the determination of uric acid in 
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blood, by a preliminary precipitation of ergothioneine and glutathione with 
lithium chloride and silver nitrate, an investigation of the method was 
earried out. However, in this procedure arsenotungstic acid and urea 
evanide are employed for the development of color. Since we were 
unable to obtain the same intensity for constant concentrations of uric 
acid with different preparations of arsenotungstic acid, arsenophosphotung- 
stic acid (6) and the urea-cyanide, devised by Christman and Ravwitch (7), 
were substituted. The removal of ergothioneine and glutathione with 
silver as suggested by Newton (10) was adopted. The silver precipitation 
was modified so as to allow accurate pipetting of samples instead of de- 
canting; that is, twice the amount of filtrate desired was treated with 


TaBLe I 
Uric Acid Concentration in Varying Amounts of Filtrate 
Uric acid 


Volume of filtrate . 
Modified Newton 





Direct method method 
ce. mg. per ceni mg. per cent 
Whole blood 3 4.61 4.72 
5 4.79 4.89 
10 5.38 | 4.75 
| | 
Plasma 3 | 6.11 6.78 
5 6.21 6.87 
10 6.42 6.84 
| 
Serum 3 5.75 
5 5.78 


10 5.69 


lithium chloride and silver nitrate solutions and one-half the total volume 
of supernatant fluid taken for analysis. 

A calibration curve was established with a lithium carbonate-uric acid 
standard (5). To each aliquot of this standard solution which contained 
a different amount of urie acid, 1 ce. of hydrochloric acid (3.5 per cent by 
volume) was added. The addition of this amount of hydrochloric acid 
approximated the acid concentration of a blood filtrate after the removal 
of ergothioneine and glutathione with lithium chloride and silver nitrate. 
This was necessary, since it was found that varying amounts of acid 
influenced the color development. With this modification the following 
procedure was employed: 2 ce. of arsenophosphotungstic acid diluted 1:4, 
2.5 ce. of the urea-cyanide mixture, and 1 ec. of a 3.5 per cent solution of HCl 
were added to an aliquot of a standard uric acid solution in a 25 ec. vol- 
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umetric flask, which was immediately made to volume. The color was 
read in the Evelyn photoelectric colorimeter with Filter 660 after 49 
minutes, at which time the color was constant and maximum. A constant 
center setting was obtained with a constant K value (0.0134) for concen- 
trations of uric acid ranging from 10 to 60 y (Table II). 

The modified Newton procedure was applied to whole blood, plasma, 
and serum. It was found that different amounts (3 to 10 ec.) of tungstic 
acid filtrate gave similar values for urie acid when expressed as mg. per 
cent (Table 1). These findings suggest that glutathione and ergothi- 
oneine may account for the disproportionality observed when different 


TABLE II 


Reproducibility of Chemical Method for Determination of Lithium Urate and Constancy 
of Ratio of Photometric Density to Concentration of Compound 


Average photo- 


Lithium urate ; Range of galvanom- s : ‘ Calculated K 
ouetent No. of tests ee sonting® a oe ° valuet 
| 
7 
10 4 737, 74 0.1323 0.0132 
20 5 53°, 54° 0). 2686 0.0134 
30 5 38°, 40 0.4090 0.0136 
40 5 29°, 30! 0.5290 0.0132 
50 5 22, 22° 0.6505 0.0130 
60 4 16, 16° 0.7860 0.0131 
Average 0.0134 


* These values correspond to the maximal blue color produced when taken witha 
center setting of 79° and Filter 660. 

+ This is analogous to optical density as measured on a spectrophotometer and 
corresponds to the quantity (2 — log 10 of the galvanometer reading). 

t These values are obtained by dividing the photometric density by the amount of 
the lithium urate in the test solution. 


amounts of filtrate in which they are present are analyzed by the direct 
method (Table 1). To investigate this possibility, known amounts of 
glutathione and ergothioneine were added to pure uric acid solutions of 
known concentration and their effect on the color development determined. 
The direct method of Benedict, modified as previously described, with 
2 ce. of arsenophosphotungstic acid and 2.5 cc. of urea-cyanide, was used 
(Table III). 

Although the present study in some cases deals with amounts of these 
substances larger than those normally present in blood, the results show 
that, while glutathione itself gives no measurable uric acid color, the 
addition of this substance to a pure solution of uric acid or to a pure 
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solution of ergothioneine, or to a solution of uric acid plus ergothioneine 
does cause a definite increased production of color. The increase in color 
produced becomes greater as Jarger amounts of glutathione are added. 


TaBLeE III 


Effect of Ergothioneine and Glutathione on Color Value of Uric Acid in Pure Solutions 


Substance Color value expressed as uric acid 
Uric acid Ergothioneine| Glutathione Found Theoretical* a. Depression 
x Y Y 7 7 per cent per cent 
0 30 0 0 
0 50 0 0 
0 100 0 0 
0 150 0 0 
0 30 8.65 
0 50 14.52 
0 100 29.46 
20 30 28.68 28 .65 0.0 
20 50 34.21 34.52 0.9 
20 100 8.29 | 49.46 2.3 
20 30. | = 20.00 20.00 0.0 
20 50 =| 20.31 20.00 | 1.6 
20 100 i 23.09 |; 20.00 | 15.4 
20 150 «=| ~—25.00 20.00 25.0 | 
0 30 30 10.86 8.65 25.5 
0 30 50 12.39 8.65 42.3 
0 30 160 14.11 8.65 63.1 
0 50 50 7.59 14.52 21.1 
0 50 100 22.24 14.52 §3.2 
0 50 150 23.09 14.52 59.0 
0 100 100 39.01 29.46 32.5 
0 100 150 43.55 29.46 47.8 
20 30 30 29.50 28 .65 2.0 
20 50 50 36.64 34.52 6.3 
20 50 100 39.84 34.52 15.4 
20 AO 150 42.31 34.52 22.5 
20 100 100 56.24 49.46 13.7 
20 100 150 58.80 49.46 18.8 


* Color value of 20 y of uric acid plus color value of increasing amounts of either 
ergothioneine or glutathione. 


In contrast, although a pure solution of ergothioneine produces an ap- 
preciable color (approximately 30 per cent of that given by the same 
concentration of uric acid), when it is added to a solution of pure uric 
acid there is an actual depression of uric acid color, the depression being 
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greater with increasing amounts of ergothioneine. In solutions in whieh 
all 3 of these substances are present, the actual color produced is not the 
sum of the colors due to the uric acid plus ergothioneine, but that sum as 
modified by the depression of color intensity caused by ergothioneine and 
the increase in color production caused by the glutathione. 

To study the effect of the addition of ergothioneine and glutathione to 
Different amounts 
(3 to 10 ce.) of the protein-free filtrate of whole blood, whole blood plus 


whole blood, the following experiment was done. 


TABLE I\ 
Effect of Added Ergothioneine and Glutathione on Color Value of Uric Acid in 
Whole Blood 


Total 


Volume | Color | Color | calf tocal| Tereased | epres. |esln ral 

filtrate uric acid added alien duction — “— 

ce. Y per cent per cent “> 

Whole blood* 3 13.84 4.61 
5 23.97 4.79 

10 53.76 5.38 

Whole blood + 50 ¥ 3 16.32 4.84 18.68 12.6 5.44 
ergothioneine 5 29.50 7.26 31.23 5.5 5.90 
10 67.41 14.52 | 68.28 1.3 6.74 
Whole blood + 50 4 3 13.84 0) 13.84 0 0 4.61 
glutathione 5 25.24 0 23.97 5.3 5.04 
10 58.80 0 53.76 9.4 5.88 

Whole blood + 50 4 3 17.45 $.S4 18.68 0.6 5.82 
ergothioneine +4 5 31.82 7.26 | 31.23 0.2 6.36 
50 y glutathione 10 71.03 14.52 68.28 $.0 7.10 


* Before deproteinization (1:10 tungstie acid filtrate) 50 y of ergothioneine (or 
glutathione) per cc. were added. This represents a color value of 14.52 y expressed 
as uric acid (Table I) per 10 cc. of filtrate for only ergothioneine, since glutathione 
was found to give no color. 

+ Value of uric acid found in whole blood plus color value of ergothioneine added 
per aliquot of filtrate analyzed 


50 vy of ergothioneine per cc., whole blood plus 50 y of glutathione per ce., 
and whole blood plus 50 y of both substances were analyzed by the direet 
method (Table IV). Interpretation of these results is complicated by the 
fact that both substances added are already present in blood. In spite of 
this, however, the results are similar to those found with pure solutions. 
In whole blood to which ergothioneine was added the depression of color 
intensity is greater with smaller volumes of filtrate, but with larger vol- 
umes the amount of glutathione originally present is larger and would be 
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expected to cause a greater increased production of color. In whole blood 
containing added glutathione the increase of color intensity becomes greater 
with larger amounts of filtrate analyzed. In blood to which both glutathione 
and ergothioneine were added, 3 ce. of the filtrate showed a slight depression 
of color. On the other hand, 5 ce. of filtrate showed a slight increased pro- 
duction of color and 10 ce. a definite increase. These results might also 
be expected from previous findings that with smaller amounts of gluta- 
thione the effect of ergothioneine in depressing color development may 
predominate but that as the amount of glutathione present increases this 
depression is obscured by the increased production of color due to the 
glutathione. 

In view of the above study, it seemed possible that the presence of these 
two substances, glutathione and ergothioneine in blood, with their opposing 
effects on color development, might account for the disproportionality 
found when different amounts of tungstic acid filtrate of whole blood are 
analyzed, that with the smaller amounts of filtrate the ergothioneine exerts 
a slight depressing effect on color intensity greater than the stimulation due 
to the small amount of glutathione present, but that with larger amounts of 
filtrate the stimulatory effect of the glutathione predominates. The result 
is a larger value of color intensity, when expressed as mg. per 100 cc., for 
10 ec. of filtrate than for 5 ce. or for 3 ce. 

Variation in recovery of uric acid added to blood has been found by 
various authors (4, 11). We have also found this to be true, using the 
direct procedure of Folin (4) as modified by Blauch and Koch (1). These 
findings might be explained by the varying relationship of glutathione and 
ergothioneine to the added uric acid. Further, Bulger and Johns (2), 
using the direct method of Blauch and Koch, found that when uric acid is 
added to uric acid-free filtrates of blood after uricase action recovery was 
always incomplete (35 to 40 per cent). Since the recovery of uric acid 
from the uric acid-free filtrate was so much less than the recevery of uric 
acid added to whole blood, it was felt that some substance was present in 
the impure uricase which depressed color development. This possibility 
was investigated by the following experiment. 

100 mg. of uricase powder (5) were added to 20 ce. of distilled water in a 
50 ec. volumetric flask and incubated for 2 hours at 45°. This suspension 
was deproteinized. ‘To 5 ce. aliquots of this filtrate a known amount of a 
lithium carbonate-urie acid standard (5) was added. The uric acid was 
determined by the Benedict procedure (6) with arsenophosphotungstic 
acid and the urea-cyanide (7). It was found that recoveries varied from 
87 to 90 per cent. 

The same amount of uricase powder as was used in the above experiment 
was added to whole blood, plasma, and serum. After incubation, the 
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three suspensions were deproteinized. Uric acid was then added to each 
uric acid-free filtrate. In each instance the recovery of the added uric 
acid was low. With blood recoveries averaged 51 to 65 per cent, plasma 
75 to 80 per cent, and serum 80 to 82 per cent. These results would seem 
to indicate that at least a part of the depression of color development may 
be attributed to the impure uricase preparation. , 

Because of these results we felt that it was necessary to prepare a purified 
enzyme for use in the incubation of blood. Davidson (12) published a 
method for the preparation of a highly purified uricase. This method is 
rather long, and it would be impractical in a routine determination of uric 
acid in blood. In order to overcome these objections the following pro- 
cedure was used to obtain an active preparation which would not have an 
inhibitory action when added to blood: 10 gm. of uricase powder (5) were 
stirred with 100 ec. of ice-cold 0.1 M phosphate buffer at pH 7.4, allowed to 
stand 20 minutes, and centrifuged. The supernatant was discarded. 
The residue was stirred with 200 ec. of 0.1 Mm borate buffer (pH 10) at 38°, 
allowed to stand 20 minutes, and centrifuged. The extract was filtered, 
an equal volume of saturated ammonium sulfate added, and the suspension 
allowed to stand overnight. After centrifuging, the supernatant was 
discarded and the precipitate dissolved in 100 cc. of distilled water. Each 
ee. of this water solution represented 100 mg. of the original uricase powder. 
We found that 1 ec. of this uricase solution would destroy 150 to 170 ¥ of 
uric acid. When 10 ce. of this extract were suspended in water, incu- 
bated for 2 hours at 45°, and then deproteinized, the uric acid added to this 
deproteinized filtrate was completely recovered. 

It is interesting to recall that if different amounts of filtrates of whole 
blood and plasma are analyzed by the direct procedure, with arseno- 
phosphotungstic acid (6) and urea cyanide (7), variations of values are 
obtained when expressed as mg. per cent. This is-also true of the non-urie 
acid chromogenic value, indicating that whatever is disproportional in 
blood also exists after treatment with uricase. Therefore, it was necessary 
to use the modified Newton procedure for the non-urie acid color deter- 
minations as well as for the direct. 

Procedure 

Reagents 

Lithium chloride solution. 7.5 gm. of lithium chloride and 35 ce. of 
concentrated hydrochloric acid were dissolved in distilled water and 
diluted to 1 liter. 

2.9 per cent silver nitrate. 

Stock arsenophosphotungstic acid (6) diluted 1:4. 

Urea cyanide (7). 
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Determination of Total Color-—4 ec. of whole blood or serum or plasma are 
laked with 28 cc. of distilled water and deproteinized by adding 4 ec. of 10 
per cent sodium tungstate and 4 ce. of 3 N sulfuric acid. After centrifuging, 
the supernatant is filtered and 10 ec. portions of the filtrate transferred to a 
15 ec. centrifuge cone. 2 ec. of the lithium chloride solution and 2 ce. 
of silver nitrate are added to each tube and immediately centrifuged. 7 ce. 
of the supernatant are pipetted from each sample into a 25 ec. volumetric 
flask, and at minute intervals 2.5 cc. of urea-cyanide and 2 cc. of the 
arsenophosphotungstic reagent are added and the flasks diluted to volume 

TABLE V 

Recovery of Uric Acid Added to Whole Blood, Plasma, and Serum Before De protein- 

ization and to Filtrate After Uricase Action 


The volume of the filtrate was 5 cc. in all cases. 








Uric acid Uric acid added Recovery 
7 + Y per cent 
Whole Blood I 23.85 0 
33.36 10 95.1 
38.62 15 98 .4 
” °° 2 24.48 0 
34.48 10 100.0 
39.85 | 15 102.0 
Plasma 26.27 0 
36.64 10 103.7 
41.23 15 99.7 
Serum 28.88 0 
39.55 10 104.5 
44.62 15 102.6 
Whole Blood I after uricase action 3.90 0 
23.90 20 100.0 


34.25 30 101.2 


immediately. The color is allowed to develop for 40 minutes and read in 
the photoelectric colorimeter with Filter 660. 

Determination of Residual Color—8 ce. of whole blood or plasma or 
serum are introduced into a 250 cc. Erlenmeyer flask and diluted with 
48 ec. of distilled water, 8 cc. of the enzyme preparation are added, and 


‘the flask incubated at 45° for 2 hours. The blood is deproteinized with 


8 cc. of 10 per cent sodium tungstate and 8 ce. of # N sulfuric acid. After 
centrifuging, the supernatant is filtered and 20 cc. portions of the filtrate 
are pipetted into 50 ec. centrifuge cones. To each are added 2 ec. of 
lithium chloride and 2 cc. of silver nitrate and the tubes are immediately 
centrifuged. 12 cc. of the supernatant are then analyzed as described for 
the direct procedure. 
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Studies were made on the accuracy with which known amounts of uric 
acid could be recovered when added to whole blood, plasma, and serum 
before deproteinization and to the filtrate of whole blood after uricase 
action (Table V). These data indicate that uric acid added to whole blood, 
plasma, or serum can be recovered quantitatively (95.1 to 104.5 per cent), 
In addition uric acid added to the filtrate of whole blood after the action of 
uricase can be recovered quantitatively. It should also be pointed out 
that there is still a residual (non-uric acid chromogen) color by this pro- 
cedure. It is essentially the same in whole blood (0.25 to 0.51 mg. per 
cent), plasma (0.32 to 0.45 mg. per cent), and serum (0.48 to 0.65 mg. per 
cent). The cause of this residual color is unknown but possibly may be 
due to the presence of ergothioneine not completely removed by the silver 
precipitation. 

When this procedure was employed in a large number of bloods of 
normal individuals, it was found that the “true uric acid” of whole blood 
varied from 2.53 to 4.42 mg. per cent. The residual chromogen averaged 
0.25 to 0.51 mg. per cent. 


SUMMARY 


1. An enzymatic procedure is presented for the accurate determination 
of urie acid in whole blood, serum, and plasma. 

2. With this procedure the “true uric acid” values of normal human 
blood varied from 2.53 to 4.42 mg. per cent. 

3. A study of the effect of ergothioneine, glutathione, and impurities 
present in the usual uricase preparation (1) on the accuracy of the deter- 
mination of uric acid in blood is presented. 


BIBLIOGRAPHY 
1. Blauch, M. G., and Koch, F. C., J. Biol. Chem., 130, 443 (1939). 
2. Bulger, H. A., and Johns, H. E., J. Biol. Chem., 140, 427 (1941). 
3. Silverman, H., and Gubernick, I., J. Biol. Chem., 167, 363 (1947). 
4. Folin, O., J. Biol. Chem., 101, 111 (1933). 
5. Buchanan, O. H., Block, W. D., and Christman, A. A., J. Biol. Chem., 167, 181 
(1945). 
6. Benedict, 8S. R., J. Biol. Chem., 61, 187 (1922). 
7. Christman, A. A., and Ravwitch, 8., J. Biol. Chem., 95, 115 (1932). 
8. Hubbard, R.S., and Finner, L. L., J. Lab. and Clin. Med., 8, 605 (1923). 


9. Jacobson, B. M., Ann. Int. Med., 11, 1277 (1938). 
10. Newton, E. B., J. Biol. Chem., 120, 315 (1937). 

11. Pucher, G. W., J. Biol. Chem., 52, 317 (1922). 

12. Davidson, J. N., Biochem. J., 36, 252 (1942). 





i tt 








OX 


wl 


shi 





uric 
rum 
pase 
0d, 
nt), 
n of 
out 
pro- 
per 
per 
r be 
lver 


) of 


ood 
ged 


‘ion 
nan 


ties 
ter- 


i 








TWO ANTIBIOTICS (LAVENDULIN AND ACTINORUBIN) 
PRODUCED BY TWO STRAINS OF ACTINOMYCES 


II. PURIFICATION AND ISOLATION* 


By RENATE JUNOWICZ-KOCHOLATY ann WALTER KOCHOLATYt 


(From the Departments of Physiological Chemistry and Bacteriology, School of 
Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, February 14, 1947) 


This paper describes the purification of two antibiotic substances pro- 
duced by strains of Actinomyces isolated from soil. Both organisms were 
isolated and studied by Dr. Albert Kelner of the University of Pennsylvania 
for their cultural characteristics and conditions for maximum production 
of the antibiotic substances. Animal experiments, determination of anti- 
bacterial spectrum, ete., were conducted by Dr. Harry E. Morton, also of 
the University of Pennsylvania (1-3). 

One strain of Actinomyces, designated as A-1O in earlier work, resembles 
Actinomyces lavendulae, and the antibacterial substance produced by it has 
been called lavendulin (2). The other strain of Actinomyces, originally desig- 
nated as A-105, resembles in some respects Actinomyces erythreus, A. fradit, 
A. albosporeus, and A. californicus, and the antibacterial substance pro- 
duced by it has been called actinorubin (2). Under suitable conditions of 
growth both strains of Actinomyces produce antibacterial substances which 
are active against both Gram-positive and Gram-negative microorganisms. 

Purification of the antibiotics is achieved by the same method. The 
antibiotic principle is adsorbed on a cation exchanger (notably Decalso) 
and eluted with saturated NaCl. The NaCl eluate containing the active 
principle is evaporated to dryness and extracted with boiling methanol. 
The methanol extract is precipitated with half its volume of ether, the 
supernatant discarded, and the precipitate washed with absolute ethanol. 
The resulting dried powder is the partially purified antibiotic. Most of 
the animal and toxicity experiments conducted by Dr. Morton were carried 
out with these preparations. The final purification of the antibiotics is 
accomplished through chromatographic adsorption on activated aluminum 
oxide in 85 per cent methanol. Certain fractions of the chromatogram con- 
taining the hydrochlorides of lavendulin (strain A-10) and actinorubin 
(strain A-105) form insoluble addition compounds with methyl orange, 
which are recrystallized from methanol-water mixtures. 


* This project has been supported by the Thomas Harvey Dougherty, Jr., Fellow- 
ship for Research in Brucellosis Fund and by grants from the Smith, Kline and French 
Laboratories and the Department of Agriculture, Commonwealth of Pennsylvania. 

t Thomas Harvey Dougherty, Jr., Research Fellow in Brucellosis. 
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EXPERIMENTAL 





Assay of Antibiotic Activity—The antibiotic activities of strains A-10 
(lavendulin) and A-105 (actinorubin) are assayed by the streak test. Speei- 
fied amounts of the antibiotic principle are mixed with 10 ml. of Baeto- 
nutrient agar, pH 7.3, in a Petri dish. (Bacto-nutrient agar, dehydrated, 
is employed as in standard methods of water analysis. It contains 50 
gm. of Bacto-peptone, 3.0 gm. of Bacto-beef extract, and 15.0 gm. of agar 
per 1000 ml. of distilled water. ‘The medium is adjusted so that after auto- 
claving the reaction will be pH 7.3.) After solidification, the test organism 
(Escherichia coli, University of Pennsylvania strain P216) is streaked upon 
the agar and the plates are incubated 18 to 20 hours at 37°. The smallest 
amount of the antibiotic per ml. of nutrient agar which suppresses growth 
of Escherichia coli under conditions of the test is called 1 dilution unit. 

The progress of purification is followed by the relation of dry weight to 
activity and is expressed in weight per dilution unit. 

Purification of Antibiotic Principle of Actinomyces Strain A-10 (Laven- 
dulin)—The method of purification is best illustrated by describing a 
typical experiment. 22.5 liters of crude culture of strain A-10, assaying 
3.38 X 10° dilution units and having a pH of 5.3, were adjusted with 10 
per cent NasCO; to pH 7 and stirred with 450 gm. of Decalso (50 to 80 
mesh) for 2 hours at room temperature. After the Decalso had settled, the 
supernatant was discarded; the sediment was washed on a Biichner funnel, 
first with distilled water until the wash water was clear, then with acetone, 
and finally dried at 28-30°. 

A glass tube, 3 cm. inside diameter and 120 em. high, was closed at one 
end by a perforated rubber stopper which carried a small glass tube and a 
screw clamp. Above the rubber stopper was placed a small layer of glass 
wool and a net of monel metal. The dried sediment was poured into the 
glass tube, tapped tight, and then completely moistened with a saturated 
solution of NaCl, added at the rate of 1} to 2 minutes per 20 gm. of Decalso. 
As soon as the saturated solution of NaCl reached the bottom of the column, 
the screw clamp was closed and the column was allowed to stand overnight 
(15 to 18 hours). The column was then drained by opening the screw 
clamp on the bottom while fresh saturated NaCl was fed continually to the 
top of the column. The rate of flow was approximately 1 ml. per minute. 
A total of 340 ml. was collected (15 ml. per 20 gm. of Decalso). The eluate 
contained all the original activity and was of a brown color. It was evapo- 
rated to dryness at 45° in vacuo and dried over POs in a vacuum desiccator. 

The dried material, containing the antibiotic and a considerable amount 
of NaCl, was pulverized and extracted with boiling absolute methanol. 
For the first extraction 100 ml. of methanol were used, which removed 75 
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per cent of the total activity. A second extraction with 50 ml. of boiling 
methanol removed an additional 15 per cent of the original activity. Al- 
though further treatment with methanol would extract all the antibiotic 
activity, it was found unprofitable to work up these extracts. The NaC! 
residue containing the unextracted antibiotic can be recirculated in the 
column extraction process. 

The brownish colored methanol extracts were allowed to stand in the 
refrigerator for a day or longer, where dark brown gummy precipitates 
formed and the supernatants became greenish brown. The combined 
methanol extracts (120 to 150 ml.), after removal of the inert pigments, 
were treated at refrigerator temperature with half their volume of cold 
absolute ether; the precipitate was centrifuged, washed with about 120 to 
150 ml. of absolute ethanol, and dried in vacuo. The resulting material 
contained on the average about 75 per cent of the original activity. (Values 
of from 70 to 80 per cent are regularly obtained.) The supernatant after 
the ether precipitation contained about 8 to 16 per cent of the original 
activity, much inert material, and some pigment. The washing with 
ethanol resulted in only a slight loss of active material (2 to 4 per cent). 

The antibiotic thus obtained assayed between 0.5 and 1 y per dilution 
unit (indicating a 30- to 60-fold purification compared to the crude culture), 
contained 5 to 10 per cent ash, was light green in color, and was quite 
hygroscopic. This was the material used for most of the preliminary 
animal experiments carried out by Dr. Morton. 

Chromatographic Purification of Antibiotic Principle of Strain A-10 
(Lavendulin); General Considerations—Our observations from the studies 
of the behavior of the antibiotic of strain A-10 (and also of strain A-105) 
were similar to those observed by other workers (4) in the purification 
of streptomycin. Alkaline alumina or alumina adjusted with HCl 
was found quite unsatisfactory for the purification process. Alumina 
adjusted with sulfuric acid permitted passage of a solution of either laven- 
dulin or actinorubin in 80 per cent methanol rather rapidly through the 
column without effecting an appreciable purification, while in 90 per cent 
methanol both antibiotics moved exceedingly slowly in the column. 
Therefore, 85 per cent methanol was chosen as the solvent for the anti- 
bacterial principles of strains A-10 and A-105. 

Preparation of Column—Brockmann’s or Fisher’s adsorption alumina 
was acidified with 50 per cent sulfuric acid to pH 5 to 6 and poured as a 
slurry into a column of 3 cm. inside diameter and about 40 to 50 em. in 
height, and tapped. The column was washed immediately with 509 ml. 
of 85 per cent methanol, and then the antibiotic, dissolved in 85 per cent. 
methanol, was added. 

Procedure-—-A preparation of lavendulin obtained as described above, 
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containing 6.86 X 10° dilution units, was dissolved in 100 ml. of 85 per cent 
methanol and added slowly to the column. The column was then washed 
with 85 per cent methanol and the percolate collected in 100 ml. fractions. 
The results are summarized in Table I. 

Washing the column with 50 per cent methanol permitted the recovery 
of practically all of the remainder of the activity. The different fractions 
of the eluates were tested for their ability to form crystalline addition com- 
pounds with methyl orange as reported by Kuehl e/ al. (5) for streptothriecin 
and streptomycin. Fractions 9 to 15 were found to be the most suitable. 


TABLE | 


Fractionation of Lavendulin on Alumina (in 85 Per Cent Methanol) 


Fraction No. Total wi > Sean Braction No Total a a 
l 0 16 230 , 000 
2 0 17 230 , 000 
3 0 1S 230 , 000 
4 0) 19 230 , 000 
5 0 20 140, 000 
6 <35,000 21 140,000 
7 70,000 22 140,000 
s 140,000 23 70,000 
9 280 , 000 24 70,000 

10 280 , 000 25 <35,000 
1] 350 , 000 26 0 
12 466 , 000 - ——___—_— : 
13 466 , 000 Total dilution units +, 278,000 
14 166 , 000 Recovery... 62°, 


15 280 , 000 


Crystallization—To 93 ml. of Fraction 13 (about 430,000 dilution units) 
were added at room temperature 46 ml. of H,O containing 866 mg. of 
sodium helianthate. After standing overnight in the cold, the precipitate, 
containing about 80 per cent of the total activity and consisting of clusters 
of orange needles, was recrystallized twice from 50 per cent methanol and 
finally once from 20 per cent methanol. The activity of the lavendulin- 
helianthate, dried over P,O5, was found to be between 0.3 and 0.5 y per 
dilution unit. 

Analysis'—A sample of lavendulin-helianthate (Fraction 14, Table 1), 
twice recrystallized from 50 per cent methanol and once more from 20 
per cent methanol, gave the following analysis: C 51.16, H 5.99, N 17.32, 


1 The analyses of lavendulin and actinorubin reported here were carried out by the 
Smith, Kline and French Laboratories, Philadelphia. 
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$9.17. The observed values agree fairly well with the empirical formula 
CygHesOisNisSs; they fit, somewhat less well, with Cy3HgeOwNsS. and 
CyHaOceNsS. Attempts to calculate the empirical formula for the free 
base, from the above helianthates, were unsatisfactory. The melting point 
was found to lie between 212-220° (corrected, decomposition). 

The addition compound of lavendulin (strain A-10) with sodium helian- 
thate was quite soluble in 80 per cent methanol (even at refrigerator tem- 
perature) and quite insoluble in 20 per cent methanol. In 40 to 50 per cent 
methanol the lavendulin-helianthate crystallized in the form of very small 
compact clusters of needles of an orange color. In 20 per cent methanol 
the addition compound consisted of loose clusters of needles which broke up 
readily into irregularly shaped triangular blades. 

Purification of Antibiotic Substance Produced by Strain A-105 (Actino- 
rubin)—The purification process of this antibiotic follows quite closely the 
description given for lavendulin. A typical experiment will suffice. 22.5 
liters of crude culture (pH 8.2), produced by stationary cultivation and 
assaying 200 dilution units per ml., were adjusted with 10 per cent HCl 
to pH 7 and stirred at room temperature with 20 gm. of Decalso per liter 
for 2 hours. The Decalso was dried and eluted with saturated NaCl as 
described for lavendulin. The yield was quantitative (4.5 & 10° dilution 
units) and usually somewhat higher, apparently on account of an inhibitor 
which was removed during this process. The eluate was evaporated to 
dryness at 45° in vacuo and extracted with 150 ml. of boiling absolute 
methanol. A single extraction removed 90 per cent of the total activity, 
i.e., 4.05 & 10° dilution units. 

The methanol extract, after standing 24 hours in the refrigerator, de- 
posited a considerable amount of inert pigments and was filtered. Half 
of its volume of cold ether was added at refrigerator temperature, the 
material centrifuged, and the resulting precipitate washed twice with 100 
ml. of cold absolute ethanol and dried in vacuo. It contained the partially 
purified antibiotic. The supernatant, after the ether precipitation, con- 
tained 5 per cent and the washings with ethanol contained an additional 
2.5 per cent, approximately, of the activity. Yield, 3.71 10° dilution 
units, or 82.5 per cent of the original activity. 

The antibiotic thus obtained was a brownish powder, quite hygroscopic, 
assayed 0.5 to 0.6 y per dilution unit, and contained 3 to 5 per cent ash. 
This material was used for most of the preliminary animal experiments 
carried out by Dr. Morton. 

Chromatograp'vic Purification of Antibiotic of Strain A-105 (Actinorubin) 
The procedure was exactly as described for the purification of lavendulin by 
chromatographic adsorption. A preparation containing 6.8 X 10® dilution 
units in 85 per cent methanol was percolated through the alumina tower, 
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developed with 85 per cent methanol, and the percolate collected in 100 
ml. fractions. The results are given in Table I]. By washing the column 
with 50 per cent methanol the rest of the activity may be recovered. 
Fractions 19 to 30 were used to prepare an addition compound of the anti- 
biotic with sodium helianthate. To 1.13 x 10° dilution units of the above 
material (in 85 per cent methanol; 470 ml.) were added 2.26 gm. of sodium 
helianthate in 530 ml. of H,O. The precipitate which formed, after stand- 
ing overnight in the refrigerator, contained 85 per cent of the activity in the 
form of actinorubin helianthate. This helianthate, which consisted of 
round, reddish orange clusters of needles, was recrystallized twice from 40 


TaBLe I] 
Fractionation of Actinorubin on Alumina in 85 Per Cent Methanol 
Pesction Be. pion (100 aL) Fraction No. Pitan {100 ak) 

12 0 27 240 , 000 
13 <15, 000 28 240 , 000 
14 30 , 000 29 240,000 
15 120,000 30 240,000 
16 120,000 31 240 , 000 
17 240,000 32 240, 000 
18 240,000 33 240, 000 
19 240, 000 | 34 120,000 
20 240, 000 35 120, 000 
21 240, 000 36 120,000 
22 240,000 37 120,000 
23 240,000 38 120,000 
24 240, 000 39 60 , 000 
25 240, 000 40 60,000 
26 240, 000 


The first twelve fractions were inactive. Total, 5.08 10° dilution units; yield, 
75 per cent. 





per cent and finally once from 20 per cent methanol. The activity of the 
dried actinorubin helianthate was found to be 0.5 y per dilution unit. 
Analysis—Two samples of actinorubin-helianthate were analyzed. 
One sample (Fractions 19 to 23, Table I) was recrystallized three times 
from 50 per cent, then once more from 30 per cent methanol. The second 
sample (Fractions 24 to 30) was recrystallized three times from 40 per cent, 
once from 50 per cent, and once more from 20 per cent methanol. The 
analysis for the first sample gave C 51.38, 51.38, H 5.80, 6.07, N 17.38, 
17.26, S 8.92, 8.82. The second sample gave C 51.37, 51.48, H 5.94, 5.91, 
N 17.51, 17.29, S 7.33, 7.35. Ash was visible, but only a trace in both 
samples. The discrepancy in the sulfur content of the two samples makes 
the establishment of a definite chemical formula impossible. A dihelian- 
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thate of a base CeHyNsO2 or CoH2N5O, can only be tentative. The melting 
points of the helianthates varied between 206-214° (corrected, decom- 
position ). 

Comment 

The active percolates of lavendulin and actinorubin hydrochlorides, after 
chromatographic purification, are colorless and, when evaporated, consist 
of white hygroscopic powders. The dry weight of the most potent frac- 
tions of lavendulin was 0.2 y per dilution unit and of actinorubin 0.18 y 
per dilution unit. Assuming that the antibiotics thus obtained are chem- 
ically pure, one can calculate that 1 liter of crude culture contains about 
40 mg. of the antibiotic under average conditions. 

Lavendulin and actinorubin are similar in many respects. Both give 
a positive biuret test and negative Sakaguchi and Molisch reactions. Both 
will reduce Fehling’s solution slowly on boiling and reduce dilute KMnO, 
in the cold. In this respect they resemble streptothricin. Both substances 
dialyze readily through cellophane,? and, when purified, will withstand 15 
minutes boiling in aqueous solution at pH 6 to 7 without loss in activity. 

The purification process as described for lavendulin and actinorubin 
permits high recoveries and bas the advantage that every step in the process 
may be interrupted at any time without loss of material. The antibiotics 
once adsorbed on Decalso can be stored in the cold in the dry state for 
months without loss in potency. The same holds true for the liquid or 
dried NaCl eluates and the methanol extracts. The NaCl residues, after 
the methanol extractions, still contain a small amount of active material 
and this can be returned in the column elution process, permitting even 
higher yields. 

The antibiotics, lavendulin and actinorubin, may be purified by the 
carbon-methanol-HCl process as used in the purification of streptothricin 
and streptomycin (4). When this process is used, the yields are much 
lower than those resulting from the cation exchanger method. We have 
used the cation exchanger process in the purification of streptothricin 
(unpublished experiments) and obtained similar high yields as with laven- 
dulin and actinorubin. 

It is unfortunate that the chemical analysis does not permit the estab- 
lishment of a definite chemical formula for both antibiotics at the present 
time. 





SUMMARY 


From two strains of Actinomyces isolated from soil, two antibiotic prin- 
ciples, lavendulin and actinorubin, have been isolated as crystalline helian- 
thates. Both antibiotics are of a basic nature and are similar to each other. 


? Visking Corporation, Chicago. 
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Only tentative formulae for their composition can be established. The 
purification and isolation of the two antibiotics are described. Their 
chemical characteristics and reactions and their antibacterial spectra 
suggest some resemblance of lavendulin and actinorubin to streptothricin. 


BIBLIOGRAPHY 


1. Kelner, A., Kocholaty, W., Junowiez-Kocholaty, R., and Morton, H. E., J. Bact., 
51, 591 (1946). 

2. Kelner, A., and Morton, H. E., /. Bact., 53, in press 

3. Morton, H. E., Proc. Soc. Exp. Biol. and Med., 64, in press 

4. Carter, H. E., Clark, R. K., Jr., Dickman, S. R., Loo, Y. H., Skell, P. S., and 
Strong, W. A., J. Biol. Chem., 160, 337 (1945). 

5. Kuehl, F. A., Jr., Peck, R. L., Walti, A., and Folkers, K., Science, 102, 34 (1945). 








The 
“heir 
ctra 
icin. 


act., 


ee eS 





SULFACTIN, A NEW ANTIBIOTIC SUBSTANCE PRODUCED BY 
A SOIL ACTINOMYCES* 


By RENATE JUNOWICZ-KOCHOLATY, WALTER KOCHOLATY,+ 
anp ALBERT KELNER? 


(From the Departments of Physiological Chemistry and Bacteriology, and the 
William Pepper Laboratory of Clinical Medicine, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, February 17, 1947) 


We have isolated in crystalline form an antibiotic substance from the 
culture filtrate of an Actinomyces (R-30) found by one of us (R. J.-K.) in 
non-manured soil. It is active against certain Gram-positive organisms 
and inactive against Gram-negative bacteria. 

The Actinomyces, designated as R-30, was studied by one of us (A. K.) 
and found to resemble Actinomyces roseus in some respects. It is impos- 
sible to state whether it is a variant of Actinomyces roseus or a new species. 
No true spirals were seen but some aerial hyphae formed loops. Conidia 
are large, spherical, and borne in chains. The optimum temperature for 
growth is about 25°; growth takes place at 20° and 37° but not at 15°. 
Peptone and gelatin media are not blackened. A faint pink soluble pigment 
is produced in calcium citrate, glucose-asparagine, and Czapek agar con- 
taining glucose instead of sucrose. No soluble pigment was formed in other 
media studied. There was abundant gray-buff growth on nutrient agar; 
sporulation was moderate, white, becoming faint pink. Moderate gray 
growth was observed on glucose-asparagine agar with bright pink spores. 
Growth is scanty, with pink spores, on Czapek agar and glucose-nitrate agar. 
There is moderate pink vegetative growth on calcium citrate agar with 
pink spores; the margin of the colony is white. Growth on calcium malate 
agar is moderate, with white spores becoming pink. There is good growth 
of dull pink color on potato, with very few white spores and questionable 
darkening of the potato. Hydrolysis of starch is very pronounced. Gel- 
atin is liquefied; milk becomes alkaline and is digested. 

The antibacterial substance can be extracted from the crude culture with 
n-butanol. The dry residue, after evaporation of the solvent, is extracted 

* This project has been supported by the Thomas Harvey Dougherty, Jr., Fellow- 
ship for Research in Brucellosis Fund and by grants from the Smith, Kline and French 
Laboratories and the Department of Agriculture, Commonwealth of Pennsylvania. 

+t Thomas Harvey Dougherty, Jr., Research Fellow in Brucellosis. 

t Present address, Biological Laboratory, Long Island Biological Association, Cold 
Spring Harbor, New York. 
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with chloroform and purified by chromatographic adsorption on Florisil2 
The chemical analysis of the antibiotic showed a relatively high content of 
sulfur. For this reason, we have named the new substance sulfactin. It 
is the first antibiotic substance containing sulfur which has been isolated 


from an Actinomyces. 


EXPERIMENTAL 

Assay—-The antibiotic activity is assayed by the streak test against 
Staphylococcus aureus, FDA strain. 1 dilution unit is the smallest amount 
of the antibiotic in 1 ml. of nutrient agar which will suppress growth of 
Staphylococcus aureus under the conditions of the test. 

Specified amounts of the antibiotic are mixed with 10 ml. portions of 
Bacto-nutrient agar, pH 7.3, in Petri dishes. (Bacto-nutrient agar, de- 
hydrated, as used in standard methods of water analysis, is used. It 
contains 5 gm. of Bacto-peptone, 3 gm. of Bacto-beef extract, and 15 gm. 
of agar per 1000 ml. of distilled water. The medium is adjusted so that 
after autoclaving the final pH is 7.3.) After solidification, the test organ- 
ism (Staphylococcus aureus) is streaked on the agar and incubated at 37° 
for 18 to 20 hours. 

Bacillus mycoides is somewhat (2 to 4 times) more resistant and Bacillus 
subtilis is about 2 to 3 times more susceptible than Staphylococcus aureus 
to the action of sulfactin and these organisms can be used for assay pur- 
poses by the filter paper disk or cup methods. 

Production of Antibiotic Substance—The culture medium consists of 10 
gm. of soluble starch, 5 gm. of Bacto-tryptone, 2 gm. of K2HPO,, 2 gm. of 
NaCl, and 10 mg. of FeSO,-7H,0 in 1000 ml. of distilled water. 250 ml. 
portions of this medium are placed in | liter Erlenmeyer flasks, autoclaved, 
and inoculated with a spore culture of the Actinomyces which has been 
grown on glucose-asparagine agar. 

The Erlenmeyer flasks are placed on a shaker (2 inch stroke, 100 strokes 
per minute) and incubated from 4 to 7 days at 28-30°. On the 3rd day of 
incubation the activity is usually 300 to 400 dilution units per ml. and in- 
creases between the 4th and 7th days to 1000 to 4000 dilution units per ml. 
During this time the pH increases from 7.0 to 8.2. Further incubation 
results in a slow decrease of the activity and a continued increase in the pH. 

Purification—10 liters of a crude culture, assaying 1330 dilution units 
per ml., of pH 8.2, were centrifuged to remove the Actinomyces and some of 
the slimy substance which had formed during the incubation. It yielded 
7800 ml. of a clear, viscous liquid containing 10,420,000 dilution units. 
This crude culture centrifugate was adjusted to pH 7.0 with 3 Nn sulfuric 


1 The Florisil was kindly supplied by the Floridin Company, Warren, Pennsyl- 
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acid and extracted once with one-fourth of its volume of n-butanol. The 
resulting emulsion was broken up through centrifugation. 1320 ml. of 
butanol extract were obtained with 5,300,000 dilution units or 50 per cent 
of the activity of the crude culture centrifugate. The butanol was evapo- 
rated in vacuo at 45°, further dried over CaCl. tn vacuo, and the dry residue 
extracted twice with 60 ml. of boiling ether to remove a gummy, yellow 
substance. The active principle was extracted at 45° with several small 
portions of chloroform which were filtered and gave a total volume of 34 
ml. with 7,520,000 dilution units. (This disappearance of the activity in 
the butanol extract and the reappearance in the chloroform was repeatedly 
observed, even with the purification of highly active crude cultures.) 

The dark brown chloroform extract was purified by chromatography. 
A column 2 em. in diameter was filled with Florisil to a height of 21 em. and 
washed with chloroform previous to adding the chloroform extract. The 
development and extractions are shown in Table I. 


TABLE I 


Adsorption and Elution of Sulfactin on Florisil 


Fraction No Solvent Percolate Activity 

m! dilution units 

l Chloroform 150 

2 5 ©) ethanol in chloroform 100 

3 10°, = sp a 100 2,283,000 

} 10°, = saa _ 200 3,415,000 

5 LOW, = = - 200 1. 136,000 

6 10%, oa - we 100 157,000 


The first portion of the percolate which showed activity was usually very 
slightly vellow, while the following portions were colorless. Fractions 
3 to 6, with a total activity of 6,991,000 dilution units (93 per cent recovery 
from the column), were combined and evaporated to dryness in vacuo at 
15°. The dry residue was extracted with about 7 ml. of chloroform at 45 
and filtered through a fritted glass funnel. The antibiotic was crystallized 
either by concentration of the chloroform or by the addition of ethanol. 
The ervstals from chloroform were double pyramids which broke apart as 
soon as the mother liquid evaporated. If crystallized from boiling alcohol, 
the substance formed needles which did not break up and were not hy- 
groscopic (see Fig. 1). 

The first crop of erystals was slightly vellowish in color but became pure 
white after repeated crystallizations. The yield was 0.186 gm. of pure 
crystals (dried over POs), containing 10.13 per cent moisture (alcohol) 
and 6,200,000 dilution units, or 60 per cent of the crude culture centrif- 
ugate. 
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In highly active crude cultures, | dilution unit had a dry weight of 2.39 
y with 19.4 per cent ash. In a less active culture 1 dilution unit was 7.2 , 
In the crystallized sulfactin 1 dilution unit equaled 0.027 y (no ash), whieh 
represented a 100- to 280-fold purification. 

Properties The crystallized sulfactin is very soluble in chloroform, 
soluble in ethanol, ethyl acetate, dioxane, and butanol, and somewhat 


soluble in methanol. It is almost insoluble in water, ether, petroleum 
ether, and benzene. Sulfactin reduces Fehling’s solution upon boiling. 
The Sakaguchi, Moliseh, and biuret tests are negative. No color reaction is 
given with a | per cent solution of FeCl. A permanganate solution is re- 
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Fic. 1. Photomicrograph of crystals of sulfactin (from ethanol-water);  4S0 


duced in the cold in either neutral or alkaline solution. The substance is 
not hygroscopic. 

The pure material is not destroyed in boiling alcohol. “The crude culture, 
if adjusted to pH 7 with hydrochloric acid and boiled for 30 minutes, will 
lose 50 per cent of its activity. Sulfactin (in 30 per cent ethanol solution) 
dialyzes through cellophane with great loss of activity. It does not contain 
phosphorus. The qualitative analysis showed the presence of sulfur and 
nitrogen. 

Analysis? —A sample of sulfactin, several times recrystallized, was used for 
the analyses. It was dried over P2Os in vacuo at 61°. (12 days drying were 


2 All analyses reported in this section were kindly carried out by the Smith, Kline 
and French Laboratories. 
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required before the sample reached a constant weight.) The chemical 
analysis gave the following figures: C 50.15, 50.40, H 6.17, 5.92, N 17.20, 
17.22, S 14.01, 14.22. Caleulated for CssHssNyOS*, C 50.34, H 6.12, 
N 17.01, 8 14.16. However, a formula having a lower molecular weight, 
such as, for instance, C27HwOsN 83, seems to us also possible. The melting 
point was found to be 245-275° (corrected, decomposition). 

Toxicity— According to experiments conducted by Dr. Harry Ek. Morton 
of this University (in press) 1 ml. of the crude culture was non-toxic to mice. 
The purified substance has a favorable ratio of therapeutic to toxic dose. 


Notes and Comments 


The production of the antibiotic was subject to great variation, even if 
identical sets of spores were used for inoculation. In shallow layers the 
organism produces only about one-tenth of the activity obtained in a 
shake culture. 

The first experiments on the butanol extraction yielded invariably 90 
to 100 per cent of the activity from the crude cultures, while later on no 
more than 40 to 50 per cent of the original activity could be recognized in 
the butanol (even though about 70 per cent was actually present, as shown 
before). No explanation for the lower yield in the butanol extracts was 
found, but it was noticed that a slimy substance was formed abundantly by 
the organism during its growth and decreased considerably during the later 
stages of the work. With the decrease of the formation of the slimy sub- 
stance, the butanol extracts yielded less and less active material. 

The expiration of a research grant has halted temporarily our attempts 
further to characterize this antibiotic. 


SUMMARY 


From cultures of an Actinomyces isolated from soil a new antibiotic sub- 
stance, sulfactin, has been obtained in crystalline form. Procedures for the 
purification and crystallization of sulfactin are given. 


























ta 
10 
1] 


ad 
fre 
an 
th 
ac 
et] 
an 
de 
pr 
an 
ab 
gh 


the 
Fo: 


(19 


Ch 














LETTERS TO THE EDITORS 





THE IN VITRO TURNOVER OF DICARBOXYLIC AMINO 
ACIDS IN LIVER SLICE PROTEINS* 
Sirs: 

Previous studies on the incorporation of radioactive carbon dioxide into 
glycogen formed by rabbit liver slices in vitro! indicate that the assimilated 
carbon dioxide may enter the carbohydrate molecule through the so called 
“citric acid” cycle. The data presented below demonstrate that glutamic 
and aspartic acids or their precursors, containing carboxyl groups labeled 
with C™ in the course of CO, assimilation, have been exchanged for protein 
amino acids. 

The experimental vessels, incubated for varying times as indicated, con- 
tained about 0.25 gm. of tissue slices and 2 ce. of incubating medium (Ca = 
10, Na = 72, K = 73, Cl = 85, HCO; = 40, pyruvate~ = 40, dl-alanine = 
11 mm per liter; pH 7.5 to 7.3). After the vessels had been flushed with 
5 per cent CO.-95 per cent Oe, an aliquot of NasC“O; (0.0015 mm) was 
added and the vessels were sealed. The pH of the medium generally fell 
from about 7.5 to 7.3 during the runs. At the end of the incubation period 
an equal volume of ice-cold 10 per cent trichloroacetic acid was added and 
the thoroughly ground liver tissue was washed twice with trichloroacetic 
acid solution, three times with 50 per cent alcohol-ether, and once with 
ether. The dry proteins were hydrolyzed 24 hours at 110° with 6 nN HCl 
and the acid removed in vacuo. One portion of the hydrolysate, after 
decolorization, was decarboxylated with ninhydrin,? and the liberated CO, 
precipitated as BaCO;. A second portion was fractionated with Ba(OH)» 
and alcohol and the insoluble fraction purified by reprecipitation. The 
absence of appreciable amounts of amino acids other than aspartic and 
glutamic acids in the latter fraction was shown by the filter paper chromato- 

* This work was supported in part by a contract between Harvard University and 
the Office of Naval Research, and in part by a grant-in-aid from the Josiah Macy, Jr., 


Foundation. 
' Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 145, 715 


(1942). 
? Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 


Chem., 141, 627 (1941). 
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gram technique.’ This fraction was also decarboxylated as above. The 
liberated carbon dioxide from both the total hydrolysate and the barium 
fraction was counted as barium carbonate with an end window Geiger 
counter. 

Aspartic and glutamic acids constitute about 7 and 12 per cent of the 
liver proteins, respectively.* If all the radioactivity of the protein hy- 
drolysate resided in the a-carboxyl group of glutamic acid and either the 
a- or y-carboxyl group of aspartic acid (both of which are liberated by 
ninhydrin), the activities in Column 5 should be about 3.9 times greater 
than the corresponding values in Column 4. Since this ratio (Column 6) 
averages 3.5, it may be concluded that essentially all of the radioactivity 


All the vessels contained approximately 450,000 counts per minute per mm of 
inorganic carbon. 





Counts per min. per mM car- 
xxyl C 
Corrected for background 
and self-absorption 


| . 
Experiment Additions Incubation Column 5 
No. ie ai time . aT —— Column 4 
Dicarboxylic 





Total : f 
a ss 
(1) (2) 3) (4) (S) (6) 
: : hrs. ~ a 

1 0 0 0 
2 0.5 59 270 4.6 
3 1.0 160 520 | 3.2 
4 3.0 500 1840 3.7 
5 2 mg. glutamic acid 3.0 590 1540 2.6 
6 2 * each glutamic 3.0 450 1380 3.1 

and aspartic acids 

PN iv cniev cu bascncacnsnecuvces pidubbawee Kawewreeadecoubaeheeea 3.5 


incorporated by the liver proteins under the conditions of these experiments 
is situated in the dicarboxylic amino acids. 


Department of Biological Chemistry CuRisTIAN B. ANFINSEN 
Harvard Medical School ANNE BELOFF 
Boston A. Barrp Hastings 


A. K. Sotomon 


Received for publication, March 18, 1947 


? Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
* Block, R. J., in Anson, M. L., and Edsall, J. T., Advances in protein chemistry, 
New York, 2 (1945). 
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PREFERENTIAL UTILIZATION OF LACTOSE BY A STRAIN 
OF LACTOBACILLUS BULGARICUS* 


St rs: 


In the course of a survey of the nutritional requirements of certain 
lactobacilli, an organism! was encountered which failed to grow in a medium 
containing all of the known nutritional essentials for lactic acid bacteria 
plus glucose and added yeast extract. Heavy growth occurred in 16 to 24 


Preferential Fermentation of Lactose by a Strain of Lactobacillus bulgaricus 


ie ™ | Additions per 10 cc, medium* 
Additions per 10 cc Culture turbidity 


medium;* lactose Culture turbidity 
. At f 


Lactose Glucose 


ms. sicas monoentted ms. ms. Sighs wonsaed 
0 96 0 100 96 
10 82 10 100 73 
20 67 20 100 56 
OD 19 dO 100 46 
100 44 100 100 44 


* The basal medium contained, per 10 cc., tryptic casein digest,t 50 mg.; aspara- 
gine, 1 mg.; cystine, 1 mg.; adenine, guanine, and uracil, 100 y each; pyridoxal, 
thiamine, and p-aminobenzoic acid, 1 y each; calcium pantothenate, riboflavin, and 
niacin, 27 each; folic acid, 0.057; biotin, 0.01 y; Salts A and B,t 0.05 ce. each; sodium 
acetate, 60 mg.; Tween 80,§ 10 mg.; and Difco yeast extract, 10mg. 1mg. of cysteine 
hydrochloride was added just before autoclaving. Autoclaved 6 minutes at 15 
pounds pressure. Cooled and inoculated immediately. Incubated at 37° for 40 
hours. 

t Roberts, E. C., and Snell, E. E., J. Biol. Chem., 163, 499 (1946). 

t Snell, E. E., and Strong, F. M., Ind. and Eng. Chem., Anal. Ed., 11, 346 (1939). 

§ A non-toxic source of fatty acids; see Dubos, R. J., Proc. Soc. Exp. Biol. and 
Med., 68, 361 (1945); 63, 56 (1946). 


hours when whey was added. Investigation showed the effective con- 
stituent of whey to be lactose. The growth response to added lactose in 
the presence and absence of glucose is shown in the table. In the presence 
of small amounts of lactose, glucose enhances growth, although glucose 


* Supported in part by grants from Merck and Company, Inc., and the Research 
Fund of the University. Published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station. 

‘This organism was originally isolated from cow’s milk, and has been carried 
since isolation (about 10 years) by monthly transfer in litmus milk containing calcium 
carbonate. Its general characteristics resemble those of Lactobacillus bulgaricus; 
closer examination may necessitate a change in species designation. We are indebted 
to Professor W. B. Sarles for a culture of the organism. 
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alone does not permit growth under the conditions used. A commercial 
sample of galactose was less than 3 per cent as active as lactose. Crude 
lactose, several times recrystallized lactose, and commercial 8-lactose 
were equally effective, showing that the effect was not due to an impurity. 

It has been assumed quite generally that only monosaccharides were 
directly fermented, while compound sugars were fermented only after 
preliminary hydrolysis to their component monosaccharides. These con- 
clusions have been questioned by various investigators working with 
yeast,’ but until recently no convincing evidence to the contrary has been 
presented. Recently, however, Myrbéck and Vasseur* have demonstrated 
that some yeasts (e.g. Saccharomyces fragilis and Torula lactosa) ferment 
lactose more rapidly than equimolecular mixtures of glucose and galactose. 
In no previous instance, however, have differences of the magnitude shown 
above been observed, nor has the phenomenon been previously observed 
with bacteria. The organism is being studied further. 


Department of Biochemistry EK. Horr-JORGENSEN‘ 
College of Agriculture Wituram L. WILiiaMs 
University of Wisconsin Esmonp E. SNewti 
Madison 
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§’Myrbick, K., and Vasseur, E., Z. physiol. Chem., 277, 171 (1943). 

‘ Rockefeller Foundation Fellow. 
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ON THE REPORTED STIMULATION OF BACTERIOPHAGE 
SYNTHESIS BY INDOLE-3-ACETIC ACID 


Sirs: 

When Escherichia coli B, grown in nutrient broth and transferred to 
a defined medium, was infected with T, bacteriophage, a prolonged latent 
period of virus multiplication and reduced yield of virus resulted, as com- 
pared to virus production when the same organisms were infected in 
nutrient broth. It was reported! that supplementation of the defined 
medium with indole-3-acetic acid, obtained from the Eastman Kodak 
Company, stimulated virus synthesis. It has not been possible to confirm 
this stimulatory effect with a preparation of indole-3-acetic acid orginating 
from E. R. Squibb and Sons. Several other preparations of undetermined 
origin have failed to stimulate virus synthesis. Active and inactive prepa- 
rations possessed the same melting point. We are unable to explain the 
nature of the previously reported stimulation. 

Children’s Hospital of Philadelphia Seymour S. Coen 
Department of Pediatrics CATHERINE B. Fow.er 
University of Pennsylvania 
Philadelphia 
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INCREASED LIVER PHOSPHATASE ACTIVITY IN 
ALLOXAN-DIABETIC RATS 


Sirs: 


Our finding that alimentary hyperglycemia in rats induces increases in 
the activities of the acid and alkaline phosphatases of the kidney! and the 
report by Thannhauser et al . that in glycogen disease the alkaline phos- 
phatase activity of the liver is diminished, have led us to investigate the 
activities of the acid and alkaline liver phosphatases in the experimental 
diabetic state. We have accordingly measured phosphatase activity, 
using appropriate slight modifications of the methods previously described, 


Acid (pH 5.0) and Alkaline (pH 9.8) Phosphatase Activities per Gm., Wet Weight, of 
Liver Tissue 








Wet | 





— Period | pioog | weight Phosphatase activity 
p. wh State after am (=i ae mane 
alloxan | weight | pH 5.0 pH 9.3 
ratio | | 
—— SS % oe —_—\|— — — - ee — 
days | 100 bar | mg. P per kr. mg. P per hr. 
7 | Normal, fed 105 | 3.22 7.85 + 0.34* {1.31 + 0.08 
4 | “  24hr. fasted | 72 = 3.30 (7.34 + 0.36 (1.24 + 0.05 


(7.66 + 0.25tt |1.28 + 0.05tt 
3 | Alloxan-diabetic,§ fed 1.7 645 3.48 6.86+ 0.44 (1.34 + 0.09 
8 | “ “ | 5.8) 431 | 3.28 9.44 + 0.45$ [1.76 + 0.073 





* Values after + = standard errors. 

+t Average of the normal, fed and fasted. 

t The values for ¢ for the difference between the means of the eleven normal and 
eight alloxan-diabetic rats are for the acid and alkaline phosphatase activities 3.68 
and 5.45 respectively. These values correspond in each case to a probability, P, 
of less than 0.01 that the differences may be attributable to chance. 

§ 175 to 200 mg. of alloxan per kilo of body weight, administered subcutaneously 
to rats previously fasted for 24 to 48 hours; food then allowed ad libitum. 


in alloxan-diabetic rats. Our data indicate that in a well established 
alloxan-diabetic state (4 days or longer after alloxan administration) both 
the acid and alkaline phosphatase activities are increased significantly. 

Fasting for 24 hours had no significant effect on the phosphatase ac- 
tivities of the livers of normal rats. In three animals sacrificed within 
2 days after alloxan administration, little change in the activities of the 


1 Marsh, J. B., and Drabkin, D. L., J. Biol. Chem., 168, 61 (1947). 
? Thannhauser, S. J., Sorkin, 8S. Z., and Boncoddo, N. F., J. Clin. Invest., 19, 


681 (1940). 
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phosphatases was found. One of the animals in this group had marked 
kidney and liver damage, and in this rat both the acid and alkaline phos- 
phatase activities of the kidney were appreciably lower than normal. This 
may be interpreted as a toxic effect of alloxan, and has been reported 
previously by Menten and Janouch.’ In eight animals in which alloxan 
diabetes was well established, as judged by large outputs of glycosuric 
urine (25 to 65 ml. per day), at 4 to 14 days (average 6 days) after alloxan 
administration both the acid and alkaline phosphatase activities were 
increased, by 23 and 37 per cent respectively. The increases were highly 
significant statistically (¢ and P values in the table). 

These findings, indicative of increased dephosphorylation in the liver of 
alloxanized rats, suggest that the réle of the phosphatases in carbohydrate 
metabolism in the diabetic state should be considered. 


Departments of Physiological Chemistry Daviw L. Drasxin 
School of Medicine and the Graduate School of Medicine Junian B. Marsa 
University of Pennsylvania 
Philadelphia 
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IMPORTANCE OF CONTROLLING pH IN THE 
SCHALES AND SCHALES METHOD OF 
CHLORIDE DETERMINATION 


Sirs: 


The simple mercurimetric method! for the rapid determination of chloride 
in biological fluids is satisfactory for neutral or slightly acid solutions but 
not for fluids of low chloride content and high alkalinity. Difficulties may 
occur, for example, with the urines of individuals receiving alkali therapy, 
having a urinary tract infection, or taking a low salt diet, or with urines that 
have been at room temperature for 24 hours or longer in which bacterial 
action has increased the alkalinity. Addition of the indicator, diphenyl- 
carbazone, to samples of this type gives a salmon-pink color; then on titra- 
tion with the standard mercuric nitrate-nitric acid solution a deep lavender 
color appears which may not disappear before the chloride end-point is 
reached. Observations of this nature have given the impression that the 
mercurimetric method is not applicable to chloride determinations in 
urine.’ 

Diphenylearbazone in solution is colorless at pH 6 and lower, faint pink at 
pH 7, salmon-pink at pH 8, and deep salmon-pink at pH 9 and higher. 
In the pink solutions of pH 7 and higher the addition of mercuric nitrate 
solution immediately gives an intense lavender color, which is probably 
related to the dissociation of the mercuric complex in alkaline solutions. 

Titrations of known and unknown samples at pH values ranging from 
1.0 to 11.0 have shown the most accurate end-point in the titration to 
occur With solutions having at the beginning of the titration a pH of 4.5 
to 6.0. Inconsistent and unreliable results were obtained at pH values of 
4.0 and below. Loss of sensitivity with increasing acidity has been ob- 
served by Feigl,’ who stated that diphenylearbazone will detect mercury 
salts in 0.1 N HNO; at a concentration of 0.4 mg. of Hg per 100 ml., but that 
in 0.2 N HNO; a minimal concentration of 2 mg. per 100 ml. is necessary to 
give a color with diphenylearbazone. 

For the chloride determination in biological fluids with low chloride 
content and high alkalinity the procedure has been modified as follows: 
If, on the addition of the diphenylearbazone indicator to the unknown 
sample a pink color develops or if the first drop of mercuric nitrate solution 


‘Schales, O., and Schales, 8S. S., J. Biol. Chem., 140, 879 (1941). 
* Hawk, P. B., Oser, B. L., and Summerson, W. H., Practical physiological chem- 
istry, Philadelphia, 12th edition, 575 (1947). 
* Feigl, F., Qualitative Analyse mit Hilfe von Tuepfelreaktionen, Leipzig, 163 
(1938). 
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produces a lavender color, dilute (approximately 1 N) nitric acid is added 
dropwise (0.02 ml.) until the color just disappears. This leaves the solu- 
tion at approximately pH 6. The titration then can be carried out to a 
satisfactory end-point. Care should be taken to avoid adding an excess 
of nitric acid; each drop should not exceed 0.02 ml. 

Thorndike Memorial Laboratory, Second and Fourth Samvuev P. Asper, Jr. 


(Harvard) Medical Services, Boston City Hospital, and 
the Department of Medicine, Harvard Medical School 


Boston 

Chemical Research Laboratory Ortro ScHALES 
Alton Ochsner Medical Foundation Setma S. ScuaLes 
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THE SEPARATION AND CHARACTERIZATION OF 
PURINES IN MINUTE AMOUNTS OF NUCLELC 
ACID HYDROLYSATES 


Sirs: 

The biological importance of nucleic acids and nucleotides has prompted 
the elaboration of methods for the separation and identification of their 
constituents in minute amounts. 

The separation of the purines present in nucleic acid hydrolysates was 
effected by unidimensional partition chromatography on paper, similar to 
the procedure developed for the separation of amino acids;! in the identifica- 
tion of the individual purines use was made of their characteristic ultra- 
violet absorption spectra. The partition solvent mixture consisted of 3:1 
quinoline-collidine, saturated by being shaken with 1.5 parts of water. 
The purines, separated on the 50 em. long adsorption strips (Schleicher and 
Schiill No. 597), were made visible as follows: The ether-washed paper was 
sprayed with 0.25 M mercuric nitrate in 0.5 xn HNO ;, washed with 0.5 N 
HNO; and water, and treated with aqueous ammonium sulfide. Clearly 
separated black spots of HgS thus indicated the positions (from the top 
downward) of guanine, adenine, and xanthine, the Ry values! of which 
were 0.26, 0.39, 0.61 respectively. As little as 5 y of purine could be 
demonstrated. 

For the spectroscopic examination of the separated purines in the Beck- 
man spectrophotometer, small rectangles were removed fron: an untreated 
adsorption strip (with the guidance of a parallel-treated strip), steamed to 
remove interfering traces of quinoline, and extracted with warm Nn HCl. 
The extract from a similarly treated piece of paper taken from beneath the 
adsorption zone served as blank. 

Because of the low solubility of the purines in water, acidic solutions 
(usually in HySO,4) were subjected to partition. At the end of the adsorp- 
tion, advantage was taken of the strong fluorescence of quinoline sulfate 
under a quartz lamp, in order to ascertain the extent of the acid zone, since 
separation was more complete when all purines had migrated below it. 
Approximately 0.3 per cent solutions of purine at pH 1 proved best. 

The results given by three nucleic acid preparations are illustrated in the 
accompanying table. 8 mg. of the substance were treated with 0.4 ec. of 2 
per cent H»SO, in a sealed tube at 100° for 3 hours. The hydrolysate was 
adjusted to pH 1 with 2 ~N NaOH and subjected to separation in 0.01 ce. 
portions (corresponding to 200 y of nucleic acid). Under the conditions of 


'Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
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the experiments, adenine and guanine were the only purines encountered in 
demonstrable quantities 

Details of the method, the extension of which to quantitative estimation 
is being explored, will be presented later together with studies on the 
separation of other nucleic acid constituents. 


Absorption maxima 





Hydrolysate | Separated purines* 








Preparation 
fore | — on 
chromatography) | Adenine Guanine 
mu my mu 
Ribonucleic acid of yeast.. oa 266 263 250 
Desoxyribose nucleic acid of calf thy mus 266 263 249 
ssenttndntennennes nucleic acid of ox spleen. 262.5 249.5 











° Synthetic specimens of adenine and guanine, examined in a similar way, ex- 
hibited absorption maxima at 262.5 and 249 mu respectively. 


One of us (E. V.) took part in this work while holding a Swiss-American 
Student Exchange Fellowship. The investigation was aided by a research 
grant of the United States Public Health Service and by the Rockefeller 
Foundation. 


Department of Biochemistry Ernst VISCHER 
College of Physicians and Surgeons ERwin CHARGAFP 
Columbia University 
New York 


Received for publication, April 7, 1947 











l in 


lon 
the 


in 
h 


SS eee 


—_ 





INDEX TO 


A 


Alexander, Benjamin. See Gutman and 
aan 


Alexander, 527 
Anderson, Ernest, and Lowe, Harry J. 
The composition of flaxseed mucilage, 
289 

Anfinsen, Christian B., Beloff, Anne, 
Hastings, A. Baird, and Solomon, A. K. 
The in vitro turnover of dicarboxylic 
amino acids in liver slice proteins, 771 
See Ball, Anfinsen, and Cooper, 
Angier, R. B. See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, 
and SubbaRow, 705 
Armstrong, Marvin D., and du Vigneaud, 
Vincent. A new synthesis of djenkolic 
acid, 373 
Asper, Samuel P., Jr., Schales, Otto, 
and Schales, Selma S. Importance of 
controlling pH in the Schales and 
Schales method of chloride determina- 


tion, 779 
B 

Baer, John E. See Brodie, Udenfriend, 

and Baer, 299 


Ball, Eric G., Anfinsen, Christian B., and 
Cooper, Octavia. The inhibitory ac- 
tion of naphthoquinones on respiratory 
processes, 257 

Banerjee, Sachchidananda, and Ghosh, 
Naresh Chandra. Relation of scurvy 
to glucose tolerance test, liver glyco- 
gen, and insulin content of pancreas of 


guinea pigs, 207 
Barker, H. A. See Doudoroff, Barker, 
and Hassid, 725 


See Doudoroff, Hassid, and Barker, 


733 

Barnes, Richard H. See Lundberg, | 
Barnes, Clausen, Larson, and Burr, 
379 
Baumann, C. A. See Pearce, Sauberlich, 
and Baumann, 271 
Beloff, Anne. See Anjfinsen, Beloff, 
Hastings, and Solomon, 771 


257 | 





AUTHORS 


Bessey, Otto A., Lowry, Oliver H., and 
Brock, Mary Jane. The quantitative 
determination of ascorbic acid in small 
amounts of white blood cells and plate- 
lets, 197 

Bezer, Ada E. See Kabat, Heidelberger, 


and Bezer, 6§29 
Block, Harriette. See Dunn, Camien, 
Shankman, and Block, 43 

—. See Dunn, Shankman, Camien, and 
Block, 1 
See Shankman, Camien, Block, Mer- 
rifield, and Dunn, 23 


Block, Walter D., and Geib, Naomi C. 
An enzymatic method for the determi- 
nation of uric acid in whole blood, 747 

Bonsnes, Roy W. The plasma amino 
acid and amino nitrogen concentration 
during normal pregnancy, labor, and 
early puerperium, 345 

Boothe, J. H. See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, 
and SubbaRow, 705 

Borsook, Henry, and Dubnoff, Jacob W. 
The hydrolysis of phosphocreatine and 
the origin of urinary creatinine, 493 


—and—. Synthesis of hippuric acid in 
liver homogenate, 397 
Brandon, Beatrice A. See Fraenkel- 


Conrat, Brandon, and Olcott, 99 
Brew, Eleanor M. See Bonsnes, 345 
Brewer, George E. F., Brown, W. S., 

Harvey, Cecil C., and Horwitt, M. K. 

Variations of the individual blood 

plasma amino acid nitrogen level, 145 
Brock, Mary Jane. See Bessey, Lowry, 

and Brock, 197 
Brodie, Bernard B., Udenfriend, Sidney, 

and Baer, John E. The estimation of 

basic organic compounds in biological 

material. I. General principles, 299 
—,—,and Dill, Wesley. The estimation 

of basic organic compounds in biological 

material. V. Estimation by salt forma- 

tion with methyl orange, 335 








784 INDEX 


Brodie, Bernard B., Udenfriend, Sidney, 
Baer, John E., and Chenkin, Theodore. 
The estimation of basic organic com- 
pounds in biological material. IIL. 
Estimation by conversion to fluorescent 
compounds, 319 
and Downing, George. The 
estimation of basic organic compounds 
in biological material. II. Estimation 

of fluorescent compounds, 311 

and Taggart, John V. The esti- 
mation of basie organie compounds in 


biological material. IV. Estimation by 


coupling with diazonium salts, 327 
See Jose phson, Udenfriend, and 
Brodie, 341 
Brown, W.S. See Brewer, Brown, Har- 
vey, and Horwitt, 145 


Briickmann, Gerhard, and Wertheimer, 
E. Alloxan studies: the action of al- 


loxan homologues and related com- 
pounds, 241 
Burr, George O. See Lundberg, Barnes, 
Clausen, Larson, and Burr, 379 
Bywater, W. G. See Rittenberg, Stern- 
herg, and Bywater. 183 


Cc 


Camien, Merrill N., Dunn, Max S., and 
Salle, A. J. The effect of carbohy- 
drates on acid production by twenty 
four lactic acid bacteria, 33 

See Dunn, Camien, Shankman, and 
Blocl 43 

Clamien, and 

Block, ] 
See Shankman, Camien, Block, Mer- 

rifield, and Dunn, 23 


See Shankman, Camien, and Dunn, 





See Dunn, Shank man, 


51 
Frederick H. See 
Carpenter, and du Vi- 


Carpenter, Craig, 
Hoge boom > 
gneaud, 605 

Carter, Herbert E., Loo, Y. H., and 
Skell, P.S. Streptomycin. The link- 
age between streptidine and strepto- 
biosamine, 101 

Caster, W. O. See Mickelsen, Caster, 
and Keys, 15 





| Chaikoff, I. L., Entenman, C., and Mont. 
gomery, M. Laurence. The mecha- 
nism of action of the antifatty liver fae- 
torof the pancreas. III. A comparison 
of hydrolyzed and unhydrolyzed casein 
in the prevention of fatty livers of the 
completely depancreatized dog main- 


tained with insulin, 177 
See Hanahan and Chaikoff, 233 
Chargaff, Erwin. See Vischer and Char- 
| gaff, 78! 
| Chenkin, Theodore. see Brodie, Uden- 
friend, Dill, and Chenkin 319 
Chilcote, Max E. See Tweedy, Chilcote, 
and Patras, 597 


| Christensen, Halvor N., Cooper, Paul 
Fenimore, Jr., Johnson, Roswell D., 
and Lynch, Eleanor L. Glycine and 
alanine concentrations of body fluids; 

| experimental modification 19] 

| Clausen, Marion. See 

Barnes, Clausen, Larson, and Burr, 


L undbe rq, 


379 
| Cohen, Sanford. See Schwartz, Hawkin- 
| gon, Cohen, and Watson, 133 


Cohen, Seymour S. Streptomycin and 
desoxyribonuclease in the study of vari- 
ations in the properties of a bacterial 
virus, 511 

— and Fowler, Catherine B. n the re- 
ported bacteriophage 
synthesis by indole-3-acetie acid, 775 

Colowick, Sidney P., Cori, Gerty T., and 
Slein, Milton W. The effect of adrenal 
cortex and anterior pituitary extracts 
and insulin on the hexokinase reaction, 

583 


stimulation of 


Cooper, Octavia. See Ball, Anfinsen, 
and Cooper, 257 
Cooper, Paul Fenimore, Jr. See Chris- 


tensen, Cooper, Johnson, and Lynch, 


191 
Cori, Gerty T. See Colowitck, Cori, and 
Slein, 583 


Craig, Lyman C., Hogeboom, George H., 
Carpenter, Frederick H., and du Vi- 
gneaud, Vincent. Separation and 
characterization of some penicillins by 
the method of counter-current dis- 
tribution, 665 

—. See Williamson and Craig, 687 

















AUTHORS 


D 
Dann, W. J., and Huff, Jesse W. Di- 


nicotinylornithine: a metabolite of 
nicotinamide in the chicken, 121 
Davis, A.K. See Overman and Davis, 
O41 
Dill, Wesley. See Brodie, Udenfriend, 
and Dill, 335 
See Brodie, Udenfriend, Dill, and 
Chenkin, 319 
See Brodie, Udenfriend, Dill, and 
Downing, 311 
Doudoroff, Michael, Barker, H. A., and 
Hassid, W. Z. Studies with bacterial 
sucrose phosphorylase. I. The mecha- 
nism of action of a sucrose phosphory!- 
ase as a glucose-transferring enzyme 


(transglucosidase ) , 
_ Hassid, W. Z., and Barker, H. A. 
Studies with bacterial sucrose phos- 
phorylase. II. Enzymatic synthesis 
of a new reducing and of a new non- 


reducing disaccharide, 733 
Downing, George. See Brodie, Uden- 
friend, Dill, and Downing, 311 





725 | 


Drabkin, David L., and Marsh, Julian B. | 


Increased liver phosphatase activity in 
alloxan-diabetic rats, 777 
See Marsh and Drabkin, 61 
Dubnoff, Jacob W. See Borsook and 
Dubnoff, 
Dunn, Max S., Camien, Merrill N., 
Shankman, S., and Block, Harriette. 
The determination of d(—)- and l(+)- 
glutamic acid in protein hydrolysates, 
43 

, Shankman, S., Camien, Merrill N., 
and Block, Harriette. The amino acid 


requirements of twenty-three lactic 
acid bacteria 1 
See Camien, Dunn, and Salle, 33 

See Shankman, Camien, Block, Mer- 
rifield, and Dunn, 23 
—. See Shankman, Camien, and Dunn, 
51 


E 


Edman, Pehr. The action of tyrosinase 
on chymotrypsin, trypsin, and pepsin, 
367 


397, 493 | 


785 


Ellis, Gordon H. See Gates and Ellis, 


Entenman 


See ( ‘hai A off 


Y, Léa 


Entenman, C. 
and Montgome } 


F 


Fowler, Catherine B. See Cohen and 
Fowler, 775 
Fraenkel-Conrat, Heinz, Brandon, Bea- 
trice A., and Olcott, Harold S. Th: 
reaction of formaldehyde with proteins 
IV. Participation of indok 
Gramicidin, 99 
Fried, Josef, and Titus, Elwood. Strep 
tomycin B, an antibiotically activ 
stituent of streptomycin concentrates 


rroliuns 
group 
e con 


See Titus and Fried, 393 
Friedberg, Felix, and Greenberg, David 
M. Endocrine regulation of amino acid 


levels in blood and tissues, 105 


—and—. Partition of intravenously ad 
ministered amino acids in blood and 
tissues, 4) 

G 


Gates, Elizabeth M., and Ellis, Gordon 
H. Amicrocolorimetric method for th 
determination of manganese in biologi 


cal materials with 4,4’-tetramethyldi 
aminotripheny] methane 537 


and Get 


Geib, NaomiC. See Bloc 


Ghosh, Naresh Chandra. See Banerj 


and Ghosh, 207 
Goddard, William B. See Marsh a 
Drabkin, 6) 


Graham, Claire E., Smith, Edward P., 
Hier, Stanley W., and Klein, David. 
An improved method for the determi 
nation of tryptophane with p-dimethy! 


aminobenzaldehyde, 711 


Grau, C. R. The phenylalanine and 
tyrosine contents of chicks and eggs 
$85 

Greenberg, David M. See Friedberg and 
Greenberg, 405, 411 
Grossman, William I. See Knorr and 
Grossman, 363 








786 INDEX 


de Grunigen, Anna. See Hutchings, 
Stokstad, Boothe, Mowat, Waller, An- 
gier, Semb, and SubbaRow, 705 
Gutman, George E., and Alexander, 
Benjamin. Studies of amino acid me- 
tabolism. I. Blood glycine and alanine 
and their relationship to the total 
amino acids in normal subjects, 527 


H 
Hanahan, Donald J., and Chaikoff, I. L. 


The phosphorus-containing lipides of 


the carrot, 233 
Harfenist, Morton. See Pace, Kline, 
Schachman, and Harfenist, 459 
Harvey, Cecil C. See Brewer, Brown, 
Harvey, and Horwitt, 145 
Hassid, W. Z. See Doudoroff, Barker, 
and Hassid, 725 
See Doudoroff, Hassid, and Barker, 

733 

Hastings, A. Baird. See Anfinsen, Bel- 
off, Hastings, and Solomon, 771 
Hawkinson, Violet. See Schwartz, Haw- 
kinson, Cohen, and Watson, 133 
Heidelberger, Michael. See <Aabat, 
Heidelberger, and Bezer, 629 
Hier, Stanley W. See Graham, Smith, 
Hier, and Klein, 711 
Hills, Claude H., and Mottern, H. H. 
Properties of tomato pectase, 651 


Hoff-Jgrgensen, E., Williams, William 
L., and Snell, Esmond E. Preferential 
utilization of lactose by a strain of 
Lactobacillus bulgaricus, 773 

Hogeboom, George H. See Craig, Hoge- 
boom, Carpenter, and du Vigneaud, 


| 


| 
| 
j 
| 


Josephson, Edward S., Udenfriend, Sid. 
ney, and Brodie, Bernard B. The estj- 
mation of basic organic compounds in 
biological material. VI. Estimation by 
ultraviolet spectrophotometry, 341 


| Jukes, Thomas H., and Stokstad, E. L, 


R. The utilization of 
pteroylglutamic acid and pteroyltri- 
glutamic acid by chicks on a purified 
diet, 563 
Junowicz-Kocholaty, Renate, and Koch- 
olaty, Walter. Twoantibiotics (laven- 
dulin and actinorubin) produced by 
two strains of Actinomyces. II. Puri- 
fication and isolation, 757 
, and Kelner, Albert. Sulfactin,a 
new antibiotic substance produced by a 
soil Actinomyces, 765 


comparative 


K 


Kabat, Elvin A., Heidelberger, Michael, 
and Bezer, Ada E. A study of the 


purification and properties of ricin, 


629 

Kelner, Albert. See Junowicz-Kocho- 
laty, Kocholaty, and Kelner, 765 
Keys, Ancel. See Mickelsen, Caster, 
and Keys, 415 
Klein, David. See Graham, Smith, Hier, 
and Klein, 711 
Kline, Leo. See Pace, Kline, Schach- 
man, and Harfenist, 459 
Klotz, I. M., and Tietze, Frank. Inhibi- 


| 


| 


| 
| 


665 
Horwitt, M. K. See Brewer, Brown, 
Harvey, and Horwitt, 145 | 


See Dann and Huff, 
121 
Hutchings, B. L., Stokstad, E. L. R., 
Boothe, J. H., Mowat, J. H., Waller, 
C. W., Angier, R. B., Semb, J., and 
SubbaRow, Y. A chemical method for 
the determination of pteroylglutamic 
acid and related compounds, 705 


J 


Johnson, Roswell D. See Christensen, 
Cooper, Johnson, and Lynch, 191 


Huff, Jesse W. 





tion of oxidation of succinic acid by 
structurally related sulfonic acids, 

399 

Knox, W. Eugene, and Grossman, Wil- 

liam I. The isolation of the 6-pyridone 

of N'-methylnicotinamide from urine, 

363 


J unowicz- 


Kocholaty, Walter. See 


Kocholaty and Kocholaty, 757 
—. See Junowicz-Kocholaty, Kocholaty, 
and Kelner, 765 
L 
Larson, Norma. See Lundberg, Barnes, 
Clausen, Larson, and Burr, 379 
LePage, G. A. Preparation of diphos- 
phopyridine nucleotide, 623 























Lot 


er EE EelcC( it r.|hCUrD 








AUTHORS 787 


Levey, Stanley, and Lewis, Howard B. 
The metabolism of phenoxyacetic acid, 
its homologues, and some monochloro- 
phenoxyacetic acids. New examples 
of 8 oxidation, 213 

Lewis, Howard B. See Levey and Lewis, 

213 
See Schofield and Lewis, $39 

L’Heureux, Maurice V., Tepperman, 
Helen M., and Wilhelmi, Alfred E. A 
new preparation of the parathyroid 


hormone, 167 
See Tepperman, L’Heureux, and 
Wilhelmi, 151 
Loo, Y. H. See Carter, Loo, and Skell, 
401 


Lotspeich, W. D., and Pitts, R. F. The 
role of amino acids in the renal tubular 


secretion of ammonia, 611 
Lowe, Harry J. See Anderson and Lowe, 
289 

Lowry, Oliver H. See Bessey, Lowry, 
and Brock, 197 


Lundberg, W. O., Barnes, Richard H., 
Clausen, Marion, Larson, Norma, and 
Burr, George O. The deposition and 
antioxygenic behavior of a-, 8B-, 


and y-tocopherols in rat fats, 379 

Lynch, Eleanor L. See Christensen, 

Cooper, Johnson, and Lynch, 191 
M 


Man, Evelyn B., and Siegfried, Dorothy 
A. Notes on the use of redistilled 
water and of amylose in the estimation 
of serum iodine, 119 

Marsh, Julian B., and Drabkin, David L. 
Kidney phosphatase in alimentary 
hyperglycemia and phlorhizin glycosu- 
ria. A dynamic mechanism for renal 
threshold for glucose, 61 

—. See Drabkin and Marsh, 777 

Mason, Howard S. The chemistry of 
melanin. II. The oxidation of dihy- 
droxyphenylalanine by mammalian 
dopa oxidase , 433 

McCaulay, Carley. See Samuels, Me- 
Caulay, and Sellers, 477 

Merrifield, R. Bruce. See Shankman, 
Camien, Block, Merrifield, and Dunn, 

23 





Mickelsen, Olaf, Caster, W. O., and 
Keys, Ancel. A statistical evaluation 
of the thiamine and pyramin excretions 
of normal young men on controlled in- 
takes of thiamine. 415 

Montgomery, M. Laurence. See Chai- 
koff, Entenman, and Montgomery, 177 

Morehouse, Margaret G. See Weinmann, 


Morehouse, and Winzler, 717 
Mottern, H. H. See Hills and Mottern, 
651 


Mowat, J. H. See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, 
and SubbaRow,. 705 


N 


| Nachmansohn, David. See Rothenberg 


and Nachmansohn, 223 
Neuman, William F., and Riley, Richard 
F. The uptake of radioactive phos 
phorus by the calcified tissues of ner- 
mal and choline-deficient rats, 545 


O 


Olcott, Harold S. See Fraenkel-Conrat, 
Brandon, and Olcott, 99 
Overman, Richard R., and Davis, A. K. 
The application of flame photometry to 
sodium and potassium determinations 
in biological fluids, 641 


P 


Pace, Nello, Kline, Leo, Schachman, 
Howard K., and Harfenist, Morton. 
Studies on body composition. IV. 
Use of radioactive hydrogen for meas- 
urement in vivo of total body water, 


459 

Pangborn, Mary C. The composition of 
cardiolipin, 351 
Patras, Mary C. See Tweedy, Chilcote, 
and Patras, 597 


Pearce, E. L., Sauberlich, H. E., and 
Baumann, C.A. Amino acids excreted 
by mice fed incomplete proteins, 271 

P. B. See Schweigert and 


Pearson, 
Pearson, 555 
Pitts, R. F. See Lotspeich and Pitts, 
611 








7388 
R 
Riley, Richard F. See Neuman and 
Riley, DAS 


Rittenberg, S. C., Sternberg, H. E., and 
Bywater, W. G. The rapid estimation 
of tyrothricin in fermentation liquors, 

183 

Rodney, Gertrude, Swendseid, Marian 
E., and Swanson, Ann L. Tyrosine 
oxidation by livers from rats with a 
sulfasuxidine-induced pteroylglutamic 
acid deficiency, 395 

Rothen, Alexandre. Immunological re- 
actions between films of antigen and 
antibody molecules, 75 

Rothenberg, Mortimer A., and Nachman- 
sohn, David. Studies on cholines- 
terase. III. Purification of the enzyme 
from electric tissue by fractional am- 
monium sulfate precipitation, 223 


S 


Salle, A. J. See Camien, Dunn, and 
Salle, 33 
Saltzman, Abraham. Fluorophotometric 
estimation of stilbamidine in urine and 
blood, 699 
Samuels, Leo T. Metabolism of steroids 
by tissues. I. Determination of 
and related steroids in 
tissue extracts, 471 
, McCaulay, Carley, and Sellers, Doro- 
thy M. Metabolism of steroids by tis- 
sues. II. The enzymic destruction of 


testosterone 


testosterone by liver tissue, $77 | 


Sauberlich, H. E. See Pearce, Sauber- 
lich, and Baumann, 271 
Schachman, Howard K. See Pace, 


Kline, Schachman, and Harfenist, 


459 | 


Schales, Otto. See Aspe r. Schales, and 


Schal 8, 779 
Schales, Selma S. See Asper, Schales, 
and Schales, 779 


Schofield, Frances A., and Lewis, How- 


ard B. A comparative study of the 
metabolism of a-alanine, §-alanine, 
serine, and isoserine. I. Absorption 


from the gastrointestinal tract, 439 





INDEX 


Schwartz, Samuel, Hawkinson, Violet, 
Cohen, Sanford, and Watson, Cecjj 
James. A micromethod for the quan. 
titative determination of the urinary 
coproporphyrin isomers (I and III), 

133 

Schweigert, B. S. The réle of vitamin 
B, in the synthesis of tryptophane from 
indole and anthranilie acid by Lacto- 
bacillus arabinosus, 283 

—and Pearson, P. B. Effect of vitamin 
B, deficiency on the ability of rats and 
mice to convert tryptophane to N!. 
methylnicotinamide and nicotinic acid, 

555 


Sellers, Dorothy M. See Samuels, Me- 


Caulay, and Sellers, 477 
Semb, J. See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, 
and SubbaRow, 705 


Shankman, S., Camien, Merrill N., 
Block, Harriette, Merrifield, R. Bruce, 
and Dunn, Max S. Vitamin require- 
ments of twenty-three lactic acid bae- 
teria, 23 

—,-—, and Dunn, Max S. The determi- 
nation of glycine in protein hydroly- 


sates with Leuconostoc mesenteroides 
P-60, 51 
See Dunn, Camien, Shankman, and 
Block, 43 
—. See Dunn, Shankman, Camien, and 
Block, 1 
Siegfried, Dorothy A. See Man and 
Siegfried, 119 
Skell, P. S. See Carter, Loo, and Skell, 
401 

Slein, Milton W. See Colowick, Cori, 
and Slein, 583 
Smith, Edward P. See Graham, Smith, 
Hier, and Klein, 711 
Snell, Esmond E. See Hoff-/ ¢rgensen, 
Williams, and Snell, 773 
Solomon, A. K. See Anfinsen, Beloff, 
Hastings, and Solomon, 771 
Soyenkoff, Basil. A micromethod of 
phosphate determination, 447 
Speck, John F. The enzymic synthesis 
of glutamine, 403 
Sternberg, H. E. See Rittenberg, Stern- 
berg, and Bywater, 183 





ee 








ms 


sr 


rr 


rT 


s 





ret, 
ecil 
lan 

lary 
II), 
133 
min 
rom 
clo- 
283 
nin 
und 
Ni. 


les 


ESE OSONS OSlw 








\UTHORS 789 
Stetten, DeWitt, Jr. See Wetl and  Udenfriend Sidney. See Brodie, Uden 
Stetten, 129 friend, and Taggart, 327 
Stokstad, E.L.R. See H utchings, Stok- —, See Jose phson, Udenfrie nd. and 
stad, Boothe, Mowat, Waller, Angier, Brodie. 34] 
Semb, and SubbaRow, 705 
_ See Jukes and Stokstad, 563 Vv 
SubbaRow, Y. See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, du Vigneaud, Vincent. See Armstrong 
and SubbaRow, 705 and du Vigneaud, 373 
Swanson, Ann L. See Rodney, Swend- See Craig, Hogeboom, (‘ar penter, and 
seid, and Swanson, 395 du Vigneaud, 665 
Swendseid, Marian E. See Rodney, | Vischer, Ernst, and Chargaff, Erwin. 
Swendseid, and Swanson, 395 | The separation and characterization of 
purines in minute amounts of nucleic 
T acid hydrolysates, 781 
Taggart, John V. See Brodie, Uden- w 
friend, and Taggart, 327 


Tepperman, Helen M., L’Heureux, Mau- 
rice V., and Wilhelmi, Alfred E. The 
estimation of parathyroid hormone ac- 
tivity by its effect on serum inorganic 
phosphorus in the rat, 151 


See L’Heureux, Tepperman, and 
Wilhelmi, 167 


Tietze, Frank. See Klotz and Tietze, 


Waller, C. W. 


399 | 


Titus, Elwood, and Fried, Josef. 
use of ‘“‘counter-current distribution 
for the analysis of streptomycin prepa- 
rations, 393 

See Fried and Titus, 391 


The | 


” | 


Tweedy, Wilbur R., Chilcote, Max E., | 


and Patras, Mary C. The distribu- 
tion, retention, and excretion of radio- 
phosphorus following thyroparathy- 
roidectomy, or bilateral nephrectomy, 
and the administration of parathyroid 
extract, 597 


U 


Udenfriend, Sidney. See Brodie, Uden- | 


friend, and Baer, 299 
See Brodie, Udenfriend, and Dill, 


Wainio, W. W. The oxidation of phos 
phorylated non-phosphory lated 
sugars by mammalian liver, 569 
See Hutchings, Stokstad, 
Boothe, Mowat, Waller, Angier, Semb, 


and 


and SubbaRow, 705 
Watson, Cecil James. See Schwartz, 
Hawkinson, Cohen, and Watson, 133 


Weil, Rudolf, and Stetten, DeWitt, Jr. 
The urinary excretion of a fat-mobiliz 
ing agent, 120 

Weinmann, Ernest O., Morehouse, Mar- 
garet G., and Winzler, Richard J. 


The effect of succinic dehydrogenase on 


deuterium-labeled succinic acid in the 
absence of hydrogen acceptors, 717 
| Wertheimer, E. See Briickmann and 
| Wertheimer, 241 
| Wilhelmi, Alfred E. see L’ Heureur, 
Tepperman, and Wilhelmi, 167 
See Tepperman, L’Heureuz, and 
Wilhelmt, 151 

| Williams, William L. See Hoff-J orge n 
sen, Williams, and Snell, 773 


335 | 


—. See Brodie, Udenfriend, Dill, and 
Chenkin, 


319 | 


See Brodie, Udenfriend, Dill, and 


311 


Downiny, 


Williamson, Byron, and Craig, Lyman C. 
Identification of small amounts of or 
ganic compounds by distribution stud- 


ies. V. Calculation of theoretical 
curves, 687 
Winzler, Richard J. See Weinmann, 
Morehouse, and Winzler, 717 




















ae 
. itt ttt. ta, 





INDEX TO SUBJECTS 





A 


Acetic acid: Indole-3-, bacteriophage syn- 
thesis, effect, Cohen and Fowler, 775 


Monochlorophenoxy-, metabolism, Le- | 
213 | 


vey and Lewis, 
Phenoxy-, metabolism, Levey and Lewis, 
213 

Acid(s): Production, lactic acid bacteria, 
carbohydrate effect, Camien, Dunn, 
and Salle, 33 
Actinomyces: Actinorubin production, 
Junowicz-Kocholaty and Kocholaty, 
757 

Lavendulin production, Jwnowicz- 
Kocholaty and Kocholaty, 
Sulfactin production, Junowicz-Kocho- 
laty, Kocholaty, and Kelner, 765 


Actinorubin: Actinomyces-produced, Ju- | 


nowicz-Kocholaty and Kocholaty, 


757 


Adrenal(s): Cortex, hexokinase reaction, | 


effect, Colowick, Cori, and Slein, 
583 
Alanine: a-, absorption, gastrointestinal 
tract, Schofield and Lewis, 439 
—, metabolism, Schofield and Lewis, 
439 
8-, absorption, gastrointestinal tract, 
Schofield and Lewis, 439 
—, metabolism , Schofield and Lewis, 
439 
Blood, total amino acids, relation, Gut- 
man and Alexander, 527 
Body fluids, Christensen, Cooper, John- 


son, and Lynch, 191 
Dihydroxyphenyl-, oxidation, dopa | 
oxidase effect, Mason, 433 


See Phenylalanine 
Diabetes, liver phosphatase, 
777 


Phenyl-. 
Alloxan: 
effect, Drabkin and Marsh, 


Homologues and related compounds, | 


metabolism, Briickmann and Wert- 
heimer, 


Amino acid(s): Ammonia secretion, kid- 
ney tubules, 
Pitts, 


Lotspeich and 
611 


role, 


757 | 


and Greenberg, 


| Amino acid(s)—continued: 
| Blood, endocrine regulation, Friedberg 
405 
—, glycine and alanine relation, Gut- 
man and Alexander, 527 
—, intravenous administration, effect, 
Friedberg and Greenberg, 411 
Dicarboxylic, liver proteins, turnover, 
in vitro, Anfinsen, Beloff, Hastings, 
and Solomon, 771 
Excretion, dietary protein effect, 
Pearce, Sauberlich, and Baumann, 
271 
Lactic acid bacteria, requirements, 
Dunn, Shankman, Camien, and 
Block, ] 
Metabolism, Gutman and Alexander, 
527 
Nitrogen, blood plasma, Brewer, 
Brown, Harvey, and Horwitt, 145 





-,— —, pregnancy, labor, and puer- 
perium, Bonsnes, 345 
Tissues, endocrine regulation, Fried- 
berg and Greenberg, 405 

-, intravenous administration, effect, 
Friedberg and Greenberg, 411 
Amino nitrogen: Blood plasma, preg- 


nancy, labor, and puerperium, 
Bonsnes, 345 
Ammonia: Secretion, kidney tubules, 


acid role, Lotspeich and Pitts, 611 
Amylose: Blood serum iodine determina- 
tion, use, Man and Siegfried, 119 





241 | 


Anthranilic acid: Tryptophane synthesis 
from, by Lactobacillus arabinosus, 

| vitamin Bg réle, Schweigert, 283 
| Antibody: Molecules, antigen films and, 
immunological reactions, Rothen, 75 

| Antigen: Films and antibody molecules, 
immunological reactions, Rothen, 75 
| Ascorbic acid: Blood cells, white, deter- 
mination, micro-, Bessey, Lowry, and 
Brock, 197 
platelets, determination, micro-, 
197 


| Bessey, Lowry, and Brock, 


791 











792 


B 


Bacillus: See also Lactobacillus 


Bacteria: Lactic acid, acid production, | 
carbohydrate effect, Camien, Dunn, 
and Salle, 33 | 


—, amino acid requirements, Dunn, 
Shankman, Camien, and Block, l 

, Vitamin requirements, Shankman, 
Block, Merrifield, and 


Camien, 


Dunn, 23 
Sucrose phosphorylase, Doudoroff, 
Barker, and Hassid, 725 


Doudoroff, Hassid, and Barker, 733 
Virus, properties, streptomycin and 
desoxyribonuclease in study, Cohen, 
511 
See also Leuconostoc 

Bacteriophage: Synthesis, indole-3-ace- 

tic acid effect, Cohen and Fowler, 
775 
Benzaldehyde: p-Dimethylamino-, tryp- 
tophane determination, use in, Gra- 
ham, Smith, Hier, and Klein, 711 
Blood: Alanine, total amino acids, rela- 


tion, Gutman and Alexander, 527 
Amino acids, endocrine regulation, 
Friedberg and Greenberg, 405 


, glycine and alanine relation, Gut- 
man and Alexander, 527 


Friedberg and Greenberg, 411 
Glycine, total amino acids, relation, 





——, intravenousadministration, effect, 














Gutman and Alexander, 527 | 
Stilbamidine determination, fluoro- | 
photometric, Saltzman, 699 


Uric acid determination, enzymatic, 
Block and Geib, 747 
Blood cell(s): White, ascorbic acid de- 
termination, micro-, Bessey, Lowry, 


and Brock, 197 
Blood plasma: Amino acid nitrogen, | 
Brewer, Brown, Harvey, and Hor- 
witt, 145 

a -, pregnancy, labor, and puer- 
perium, Bonsnes, 345 


— nitrogen, pregnancy, labor, and puer- | 


perium, Bonsnes, 345 


Blood platelet(s): Ascorbic acid deter- 
mination, micro-, Bessey, Lowry, and 
Brock, 





197 | 


INDEX 


| Blood serum: Iodine, determination, re- 


distilled water and amylose use, Man 


and Siegfried, 119 
Phosphorus, inorganic, parathyroid 
hormone determination, relation, 
Tepperman, L’Heureur, and Wil. 
helmi, 151 


Blood sugar: See also Hyperglycemia 
Body: Composition, Pace, Kline, Schach- 
man, and Harfenist, 459 


Cc 


Calcified tissue(s): Phosphorus, radio- 
active, uptake, choline deficiency, 
Neuman and Riley, 545 

Carbohydrate(s): Lactic acid bacteria, 


acid production, effect, Camien, 
Dunn, and Salle, 33 
Cardiolipin: Pangborn, 351 
Carrot: Phosphorus-containing lipides, 
Hanahan and Chaikoff, 233 


Casein: Livers, fatty, effect, Chaikoff, 
Entenman, and Montgomery, 177 
Chick: Phenylalanine and tyrosine, Grau, 
485 

Chloride(s): Determination, Schales- 
Schales, hydrogen ion concentration 
effect, Asper, Schales, and Schales, 

779 

Choline: -Deficient diet, radioactive 
phosphorus uptake, calcified tissues, 
Neuman and Riley, 545 
Cholinesterase: Rothenberg and Nach- 
mansohn, 223 
Electric tissue, purification, am- 
monium sulfate use, Rothenberg and 
Nachmansohn, 223 
Chymotrypsin: Tyrosinase effect, Edman, 
367 

Coproporphyrin: Isomers, urine, determi- 
nation, micro-, Schwartz, Hawkinson, 
Yohen, and Watson, 133 
Creatine: Phospho-, hydrolysis, urine 
creatinine, relation, Borsook and 
Dubnoff, 493 
Creatinine: Urine, phosphocreatine hy- 
drolysis, relation, Borsook and Dub- 
noff, 493 








Ele 


En 


-_—- SS =& 


| 





ge... 








SUBJECTS 


D 


Dehydrogenase: Succinic, succinic acid, 
deuterium-labeled, effect, Wein- 
mann, Morehouse, and Winzler, 


717 

Desoxyribonuclease: Bacterial virus 
properties, use in study, Cohen, 

511 


Deuterium: -Labeled succinic acid, suc- 
cinic dehydrogenase effect, Wein- 
mann, Morehouse, and Winzler, 

Diabetes: Alloxan, 
effect, Drabkin and Marsh, 

Diazonium salt(s): Organic compounds, 
basic, biological mater‘al, determina- 
tion, use, Brodie, Udenfriend, and 
Taggart, 327 

Dicarboxylic amino acid(s): Liver pro- 
teins, turnover, in vitro, Anfinsen, 


--—- 
add 


Beloff, Hastings, and Solomon, 771 
Dihydroxyphenylalanine: Oxidation, 
dopa oxidase effect, Mason, 133 


Dimethylaminobenzaldehyde: p-, tryp- 
tophane determination, use in, Gra- 


ham, Smith, Hier, and Klein, 711 
Dinicotinylornithine: Nicotinamide 
metabolite, Dann and Huff, 121 


Diphosphopyridine: Nucleotide, prepara- 
tion, LePage, 623 
Disaccharide: Synthesis, enzymatic, 
Doudoroff, Hassid, and Barker, 733 
Distribution studies: Williamson and 


Craig, 687 
Djenkolic acid: Synthesis, Armstrong 
and du Vigneaud, 373 


Dopa oxidase: Dihydroxyphenylalanine 


oxidation, effect, Mason, 433 
E 
Egg: Phenylalanine, Grau, 485 | 
Tyrosine, Grau, 185 | 


Electric tissue: Cholinesterase purifica- 
tion, ammonium sulfate use, Roth- 
enberg and Nachmansohn, 223 

Endocrine (s): Blood amino acids, effect, 
Friedberg and Greenberg, 405 

Tissue amino acids, effect, Friedberg 
and Greenberg, 405 

Enzyme(s): Blood uric acid determina- 

tion, use in, Block and Geib, 





717 | 
liver phosphatase, | 


| Esterase: Choline. 





| Glucose: 


747 


793 


Enzyme(s)—continued: 
Disaccharide, synthesis by, Doudoroff, 
Hassid, and Barker, 733 
Glucose-transferring, phos- 
phorylase, relation, Doudoroff, Bark- 
er, and Hassid, 725 
Glutamine synthesis, Speck, 103 
Liver, testosterone, effect, Samuels, 
McCaulay, and Sellers, 477 
See also Cholinesterase, Chymotrypsin, 
Dehydrogenase, Desoxyribonuclease , 
Hexokinase, Oxidase, Pectase, Pep- 


sucrose 


sin, Phosphatase, Phosphorylase, 
Transglucosidase, Trypsin, Tyro 
sinase 


See Cholinesterase 


F 
Fat(s): Body, a-, B-, 


deposition and antioxygenic behavior, 
Lundberg, Barnes, Clausen, Larson, 


and y-tocopherols, 


and Burr, 379 
Mobilizing agent, urine, Weil and 
Stetlen, 129 


Flaxseed: Mucilage, Anderson and Lowe, 

289 

Fluorescent compound(s): Biological ma 

terial, determination, Brodie, Uden- 

friend, Dill, and Downing, 311 

Folic acid: See also Pteroylglutamic acid 

Formaldehyde: -Protein reaction, Fraen 
kel-Conrat, Brandon, and Olcott, 

99 

— —, gramicidin relation, Fraenkel- 

Conrat, Brandon, and Olcott, 99 

, indole groups, relation, Fraen- 
kel-Conrat, Brandon, and Olcott, 


a9 
G 


Renal threshold mechanism, 
Marsh and Drabkin, 61 
Tolerance, scurvy, relation, Banerjee 
and Ghosh, 207 
-Transferring, sucrose phosphorylase, 
mechanism, Doudoroff, Barker, and 


Hassid, 725 
Glucosidase: Trans-. See Transglucosi- 
| 
dase 








794 


Glutamic acid: d(— )- and 1(+)-, protein 
hydrolysates, determination, Dunn, 
Camien, Shankman, and Block, 48 

Pteroyl-, related compounds and, de- 
termination, chemical, Hutchings, 
Stokstad, Boothe, Mowat, Waller, 
Angier, Semb, and SubbaRow, 705 

sulfasuxidine-induced deficiency, 
tyrosine oxidation, liver, Rodney, 
Swendseid, and Swanson, 
, utilization, chick, Jukes and Stok- 
stad, 563 

Pteroyltri-, utilization, chick, Jukes 
and Stokstad, 563 

Glutamine: Synthesis, enzymatic, Speck, 

403 

Glycine: Blood, total amino acids, rela- 
tion, Gutman and Alexander, 

Body fluids, Christensen, Cooper, John- 
son, and Lynch, 191 

Protein hydrolysates, determination, 
Leuconostoc mesenteroides use, Shank- 


527 


man, Camien, and Dunn, 51 
Glycogen: scurvy, relation, 
Banerjee and Ghosh, 207 
Glycosuria: Phlorhizin, kidney phos- 
phatase, Marsh and Drabkin, 61 
Gramicidin: Formaldehyde-protein reac- 
tion, Fraenkel-Conrat, Brandon, 
and Olcott, 99 


Liver, 


H 


Hexokinase: Reaction, adrenal cortex, 
anterior pituitary, and insulin, ef- 
fect, Colowick, Cort, and Slein, 583 

Hippuric acid: Synthesis, liver homo- 
genate, Borsook and Dubnoff, 397 


Hydrogen: Radioactive, body water de- 


termination, use in, Pace, Kline, 
Schachman, and Harfenist, 459 
Hyperglycemia: Alimentary, kidney 
phosphatase, Marsh and Drabkin, 
61 
I 
Indole: Groups, formaldehyde-protein 


reaction, relation, Fraenkel-Conrat, 
Brandon, and Olcott, 99 
Tryptophane synthesis from, by Lacto- 
bacillus arabinosus, vitamin Bg rdéle, 
Schweigert, 283 


395 | 





INDEX 


Indole-3-acetic acid: Bacteriophage syn. 


thesis, effect,Cohenand Fowler, 775 
Insulin: Hexokinase reaction, effect. 
Colowick . Cori, and Sk in, 583 
Pancreas, scurvy, relation, Banerjee 
and Ghosh, 07 
Pancreatectomy and, fatty livers. 
casein effect, Chaikoff, Entenman. 


and Montgomery, 177 
Iodine: Blood serum, determination, re 
distilled water and amylose use, May 


119 


and Siegfried, 


| Isoserine: Absorption, gastrointestinal 
tract, Scho fie ld and Lewis, 139 
Metabolism, Schofield and Lewis, 439 
| 
K 
| Kidney: Glucose threshold, mechanism, 
Marsh and Drabkin, 61 
Phosphatase, hyperglycemia, alimen- 
tary, Marsh and Drabkin, 61 
, phlorhizin glycosuria, Marsh and 
| Drabkin, 61 
Tubules, ammonia secretion, amino 
acid réle, Lotspeich and Pitts, 61] 
See also Nephrectomy 
L 
Labor: Blood plasma amino acid and 
amino nitrogen, Bonsnes, 345 


Lactic acid: Bacteria, acid production, 
carbohydrate effect, Camien, Dunn, 


and Salle, 33 
amino acid requirements, Dunn, 
Shankman, Camien, and Block, ] 


vitamin requirements, Shankman, 
Camien, Block, Merrifield, 
Dunn, 23 

| Lactobacillus arabinosus: Tryptophane 
synthesis from indole and anthranilie 
acid by, vitamin Bg réle, Schweigert, 

283 

Lactobacillus bulgaricus: Lactose utili- 
zation, Hoff-J¢érgensen, Williams, 
and Snell, 773 

| Lactose: Lactobacillus bulgaricus utiliza- 
tion, Hoff-J¢érgensen, Williams, and 
Snell, 773 
Lavendulin: Actinomyces - produced, 
Junowicz-Kocholaty and Kocholaty, 

757 


and 
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SUBJECTS 


Leucocyte: See Blood cell, white 
Leuconostoc mesenteroides: Glycine de- 
termination, protein hydrolysates, 
use in, Shankman, Camien, and 
Dunn, 51 
Lipide(s): Phosphorus-containing, car- 
rot, Hanahan and Chaikoff, 233 
Liver: Antifatty factor, pancreas, mech- 
anism, Chaikoff, Entenman, 
Montgomery, 177 
Enzymes, testosterone, effect, Samuels, 


McCaulay, and Sellers, 477 
Fatty, pancreatectomy with insulin, 
casein effect, Chaikoff, Entenman, 
and Montgomery, 177 
Glycogen, scurvy, relation, Banerjee 
and Ghosh, 207 
Homogenate, hippuric acid synthesis, 
Borsook and Dubnoff, 397 
Phosphatase, alloxan diabetes, effect, 
Drabkin and Marsh, 777 
Proteins, dicarboxylic amino acids, 
turnover, in vitro, Anfinsen, Beloff, 
Hastings, and Solomon, 771 
Sugar oxidation, Watnio, 569 
Tyrosine oxidation, sulfasuxidine- 


induced, pteroylglutamic acid defi- 
ciency, Rodney, Swendseid, and Swan- 
son, 395 


M 


Manganese: Biological materials, deter- 


mination, colorimetric, micro-, 4,4’- | 


tetramethyldiaminotriphenylmeth- 
ane use, Gates and Ellis, 537 
Melanin: Chemistry, Mason, 433 
Methane: 4,4’-Tetramethyldiaminotri- 
phenyl-, manganese determination, 
colorimetric, micro-, biological ma- 
terials, use in, Gates and Ellis, 537 
Methylnicotinamide: N'-, 6-pyridone, 
urine, isolation, Anox and Gross- 
man, 363 
—, tryptophane conversion, vitamin 
B, deficiency, effect, Schweigert and 


Pearson, 555 
Methyl orange: Organic compounds, 


basic, biological material, determina- 
tion, Brodie, Udenfriend, and 
Dill, 335 


use, 





and | 
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Monochlorophenoxyacetic acid(s): 
Metabolism, Levey and Lewis, 213 
Mucilage: Flaxseed, Anderson and Lowe, 
289 


N 


Naphthoquinone(s): 
Ball, Anfinsen, and Cooper, 


Respiration, effect, 
257 


Nephrectomy: Radioactive phosphorus 
metabolism, effect, Tweedy, Chilcote, 
and Patras, 597 

Nicotinamide: Dinicotinylornithine, me- 
tabolite, Dann and Huff, 121 

N!-Methyl-, 6-pyridone, urine, isola- 
tion, Knox and Grossman, 363 


tryptophane conversion, vitamin 
Bs deficiency, effect, Schweigert and 
Pearson, 
Nicotinic acid: Tryptophane conversion, 
vitamin Bg deficiency, effect, Schwei- 
gert and Pearson, 555 
Nitrogen: Amino. See Amino nitrogen 
acid, blood plasma, Brewer, Brown, 
Harvey, and Horwitt, 145 
,— —, pregnancy, labor, and puer- 
perium, Bonsnes, 345 
Nuclease: Desoxyribo-, bacterial virus 
properties, use in study, Cohen, 511 
Nucleic acid(s): Hydrolysates, purine 
separation and characterization, Vis- 
cher and Chargaff, 781 
Nucleotide: Diphosphopyridine, prep 
aration, LePage, 623 


V0 


oO 


Organic compound(s): 
material, determination, Brodie, 
Udenfriend, and Baer, 299 
Brodie, Udenfriend, Dill, and Down 


Basic, biological 


ing, 31) 
Brodie, Udenfriend, Dill, and Chen- 
kin, 319 


Udenfriend, and Taggart, 
327 
Udenfriend, and Dill, 335 
Udenfriend, and Brodie, 
341 
—, —, diazonium salts, use, 
oo Udenfriend, and Taggart, 
327 


Brodie, 


Brodie, 
Josephson, 
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Organic compound(s)—continued: 
Basic, biological material, determina- 
tion, methyl orange use, Brodie, 
Udenfriend, and Dill, 335 


etry use, Josephson, Udenfriend, 
and Brodie, 341 
Identification, micro, distribution 
studies, Williamson and Craig, 687 


Ornithine: Dinicotinyl-, nicotinamide 
metabolite, Dann and Huff, 121 
Oxidase: Dopa, dihydroxyphenylalanine 


oxidation, effect, Mason, 433 | 
Oxidation: 8, Levey and Lewis, 213 
P 
Pancreas: Antifatty liver factor, mech- 
anism, Chatkoff, Entenman, and 
Vontgomery, 177 


Insulin, scurvy, relation, Banerjee and 
Ghosh, 207 
Pancreatectomy: Fatty livers, casein ef- 
feet, Chaikoff, Entenman, and Mont- 
gomery, 177 
Parathyroid: Extract, radioactive phos- 
phorus metabolism, effect, Tweedy, 
Chilcote, and Patras, 597 
Hormone, determination, blood serum 
inorganic phosphorus relation, Tep- 
perman, L’ Heureux, and Wilhelmi, 


151 
preparation, L’Heureux, Tepper- 
man, and Wilhelmi, 167 


Pectase: Tomato, Hills and Mottern, 
651 
Penicillin (s): Separation and characteri- 
zation, counter-current distribution 
use, Craig, Hogeboom, Carpenter, and 
du Vigneaud, 665 
Pepsin: Tyrosinase effect, Edman, 367 
Phenoxyacetic acid: Metabolism, Levey 


and Lewis, 213 
Phenylalanine: Chick, Grau, 185 | 
Egg, Grau, 485 | 
Phlorhizin: Glycosuria, kidney phos- | 


phatase, Marsh and Drabkin, 61 
Phosphatase: Kidney, hyperglycemia, 
alimentary, Marsh and Drabkin, 

61 
, phlorhizin glycosuria, Marsh and 


| 
| 
| 


——,—, ultraviolet spectrophotom- | 


| 
| 
| 
| 
| 


| 


| 


| 





Drabkin, 61 | 


INDEX 


Phosphatase—continued: 
Liver, alloxan diabetes, effect, Drab- 


kin and Marsh, 777 
Phosphate(s): Determination, micro- 
Soyenkoff, 447 


Phosphocreatine: Hydrolysis, urine cre- 
atinine, relation, Borsook and Dub- 


noff, 493 


Phosphorus: -Containing lipides, carrot, 


Hanahan and Chaikoff, 233 
Inorganic, blood serum, parathyroid 
hormone determination, — relation, 
Tepperman, L’Heureur, and Wil- 
helmi, 151 
Radioactive, metabolism, thyroidec- 
tomy, nephrectomy, and parathy- 


roid extract administration, effect, 
Tweedy, Chilcote, and Patras, 597 
, uptake, calcified tissues, Neuman 
and Riley, 
Phosphorylase: Sucrose, bacterial, Dou- 
doroff, Barker, and Hassid, 725 
Doudoroff, Hassid, and Barker, 733 
, glucose-transferring action, mech- 
anism, Doudoroff, Barker, and Has- 
sid, 725 
Pituitary: Anterior, extract, hexokinase 
reaction, effect, Colowick, Cori, and 
Slein, 583 
Platelet: See Blood platelet 
Porphyrin: Copro-, isomers, urine, deter- 
mination, micro-, Schwartz, Hawkin- 


5AS 


son, Cohen, and Watson, 133 


Potassium: Biological fluids, determina- 
tion, flame photometry, Overman and 


Davis, 641 | 


Pregnancy: Blood plasma amino acid and 
amino nitrogen, Bonsnes, 345 
Protein(s): -Formaldehyde _ reaction, 
Fraenkel-Conrat, Brandon, and Ol- 
cott, 99 

, gramicidin relation, Fraenkel- 
Conrat, Brandon, and Olcott, 99 
——, indole groups, relation, F'raenkel- 
Conrat, Brandon, and Olcott, 99 
Hydrolysates, d(—)- and 1(+)-glu- 
tamie acid, determination, Dunn, 
Camien, Shankman, and Block, 48 

—, glycine determination, Leuconostoc 
mesenteroides use, Shankman, Cam- 
ten, and Dunn, 51 
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SUBJECTS 
Protein(s)—continued: Serine—continued: 

Incomplete, amino acid excretion, ef- Iso-, absorption, gastrointestinal tract, 
fect, Pearce, Sauberlich, and Bau- Schofield and Lewis, 439 
mann, 271 —, metabolism, Schofield and Lewis, 

439 


Liver, dicarboxylic amino acids, turn- 
over, in vitro, Anfinsen, Beloff, Hast- 
ings, and Solomon, 771 

Pteroylglutamic acid: Related com- 
pounds and, determination, chemical, 
Hutchings, Stokstad, Boothe, Mowat, 
Waller, Angier, Semb, and Subba- 
Row, 705 

Sulfasuxidine-induced deficiency, tyro- 
sine oxidation, liver, Rodney, Swend- 


seid, and Swanson, 395 
Utilization, chick, Jukes and Stokstad, 
563 

Pteroyltriglutamic acid: Utilization, 
chick, Jukes and Stokstad, 563 


Puerperium: Early, blood plasma amino 
acid and amino nitrogen, Bonsnes, 
345 
Purine(s): Nucleic acid hydrolysates, 
separation and characterization, Vis- 
cher and Chargaff, 781 
Pyramin: Excretion, thiamine ingestion 
effect, Mickelsen, Caster, and Keys, 
415 
Pyridine: Diphospho-. See Diphospho- 
pyridine 


R 


Renal: See Kidney 
Ricin: Purification and properties, Kabat, 
Heidelberger, and Bezer, 629 


Ss 


Saccharide: Di-, synthesis, enzymatic, 
Doudoroff, Hassid, and Barker, 


733 
Scurvy: Glucose tolerance, relation, 
Banerjee and Ghosh, 207 
Liver glycogen, relation, Banerjee and 
Ghosh, 207 
Pancreas insulin, relation, Banerjee 
and Ghosh, 207 
Seed: Flax-. See Flaxseed 
Serine: Absorption, gastrointestinal 
tract, Schofield and Lewis, 439 








Metabolism, Schofield and Lewis, 439 
Sodium: Biological fluids, determination, 
flame photometry, Overman and 
Davis, 641 
Soil: Bacillus. See also Actinomyces 
Steroid(s): Metabolism, Samuels, 471 
Samuels, McCaulay, and Sellers, 


$77 

Stilbamidine: Blood, determination, flu- 
orophotometric, Salizman, 699 
Urine, determination, fluorophotomet- 
ric, Saltzman, 699 
Streptidine: Streptomycin-streptobios 
amine linkage, Carter, Loo, and 
Skell, 401 


Streptobiosamine: Streptomycin-strepti- 
dine linkage, Carter, Loo, and Skell, 


40] 

Streptomycin: Analysis, counter-current 
distribution method, Titus and 
Fried, 393 

B, Fried and Titus, 391 
Bacterial virus properties, use in study, 
Cohen, 51: 
Streptidine-streptobiosamine linkage, 
Carter, Loo, and Skell 401 


Succinic acid: Deuterium-labeled, suc- 
cinic dehydrogenase effect, Wein- 
mann, Morehouse, and Winzler, 717 

Oxidation, sulfonic acids, structurally 
related, effect, Klotz and Tietze, 
399 

Succinic dehydrogenase: Succinic acid, 
deuterium-labeled, effect, Wein 
mann, Morehouse, and Winzler, 717 

Sucrose: Phosphorylase, bacterial, Dou- 
doroff, Barker, and Hassid, 725 
Doudoroff, Hassid, and Barker, 733 

—, glucose-transferring action, mech- 
anism, Doudoroff, Barker, and Has- 
sid, 725 

Sugar(s): Oxidation, liver, Wainio, 569 

Sulfactin: Actinomyces-produced, Juno- 
wicz-Kocholaty, Kocholaty, and Kel- 
ner, 765 
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Sulfasuxidine: -Induced pteroylglutamic 
acid deficiency, tyrosine oxidation, 
liver, Rodney, Swendseid, and Swan- 
son, 395 

Sulfonic acid(s): Succinic acids, struc- 
turally related, oxidation, effect, 
Klotz and Tietze, 399 


T 


Testosterone: Liver enzymes, effect, 
Samuels, McCaulay, and Sellers, 

477 

Tissue extracts, determination, Sam- 

uels, 471 
Tetramethyldiaminotriphenylmethane: 

4,4’-, manganese determination, col- 


| 





orimetric, micro-, biological materi- | 


als, use in, Gates and Ellis, 537 


Thiamine: Excretion, thiamine ingestion | 


effect, Mickelsen, Caster, and Keys, 


415 | 


Radioactive 
effect, 


Thyroparathyroidectomy: 
phosphorus metabolism 
Tweedy, Chilcote, and Patras, 

Tocopherol (s): a-, 8-, and y-, fat, deposi- 
tion and antioxygenic behavior, 
Lundberg, Barnes, Clausen, Larson, 
and Burr, 379 

Tomato: Pectase, Hills and Mottern, 

651 

Transglucosidase: Glucose-transferring, 
enzyme, mechanism, Doudoroff, Bar- 
ker, and Hassid, 

Trypsin: Chymo-, tyrosinase effect, Ed- 
man, 367 

Tyrosinase effect, Edman, 


597 | 


INDEX 


Tyrosine: Chick, Grau, 485 
Egg, Grau, 485 
Oxidation, liver, sulfasuxidine-induced 

pteroylglutamic acid deficiency, Rod- 
ney, Swendseid, and Swanson, 395 
Tyrothricin: Fermentation liquors, de- 
termination, Rittenberg, Sternberg, 
and Bywater, 183 


U 


Uric acid: Blood, determination, enzy- 
matic, Block and Geib, 747 
Urine: Coproporphyrin isomers, deter- 
mination, micro-, Schwartz, Hawkin- 
son, Cohen, and Watson, 133 
Creatinine, phosphocreatine hydroly- 
sis, relation, Borsook and Dubnoff, 
493 
Fat-mobilizing agent, excretion, Weil 
and Stetten, 129 
N!-Methylnicotinamide 6-pyridone, is- 
olation, Knox and Grossman, 363 
Stilbamidine determination, fluoropho- 
tometric, Salizman, 699 
Sugar. See also Glycosuria 


Vv 


| Virus: Bacteria, properties, streptomy- 


| Vitamin(s): B,. 


725 | 


367 | 


Tryptophane: Determination, p-dimeth- | 
ylaminobenzaldehyde use, Graham, | 


Smith, Hier, and Klein 711 
N!-Methylnicotinamide, conversion, 
vitamin Bg deficiency, effect, Schweit- 
gert and Pearson, 555 
Nicotinic acid, conversion, vitamin Bs, 
deficiency, effect, Schweigert and 
Pearson, 555 
Synthesis from indole and anthranilic 
acid by Lactobacillus arabinosus, 
vitamin Bg role, Schweigert, 283 
Tyrosinase: Chymotrypsin, effect, Ed- 
man, 367 
Pepsin, effect, Edman, 367 
Trypsin, effect, Edman, 367 


cin and desoxyribonuclease in study, 
51l 

See also Thiamine 
B, deficiency, tryptophane conversion 
to N!-methylnicotinamide and nico- 
tinic acid, Schweigert and Pearson, 
555 
, tryptophane synthesis from indole 
and anthranilic acid by Lactobacillus 
arabinosus, role, Schweigert, 283 

C. See also Ascorbic acid 

Lactic acid bacteria, requirements, 
“Shankman, Camien, Block, Merri- 
field, and Dunn, 23 


Cohen, 


WwW 


Water: Body, determination, radioactive 
hydrogen use, Pace, Kline, Schach- 
man, and Harfenist, 459 

Redistilled, blood serum iodine deter- 
mination, use, Man and Siegfried, 
119 











